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SURVEY  OF  TH£  PROPERTIES  OF  THE  HYDROGEN  ISOTOPES 
BELOW  THEIR  CRITICAL  TEMPERATURES 


by 
H.    M.   Roder,   G.   E.    Childs,   R.    D.   McCarty,   and  P.    E.   Angerhofer 


The   survey  covers  PVT,   thermodynamic,   thermal,    transport, 
electrical  radiative  and  mechanical  properties.     All  isotopic  as  well  as 
ortho-para  modifications  of  hydrogen  have  been  included.     Temperatures 
are  limited  to  those  below  the  respective  critical  points,    in  general 
below  40  K.     The  pressure  range  is  not  restricted,   that  is  solid,   liquid, 
and  gas  phases  are  covered.     However,   with  the  exception  of  hydrogen, 
very  little  data  exists  at  pressures  other  than  saturation.     The 
literature  surveyed  includes  all  references  available  to  the  Cryogenic 
Data  Center  up  to  June  of  1972,   and  for   several  subjects,   through 
March  of  1973.     The  total  number  of  documents  considered  was  nearly 
1500  of  which  about  10  percent  contain  pertinent  information  and  are 
referenced  in  this  report.     The  various  properties  are  presented  in  the 
form  of  tables  or  graphs;  if  extensive  tables  have  been  published 
elsewhere,   the  reader  is  referred  to  the  original  sources. 

Key  words:     Compilation;  density;  deuterium;  electrical  properties; 
enthalpy;  entropy;  fixed  points;  hydrogen;  mechanical  properties; 
optical  properties;   specific  heat;  thermophysical  properties;  transport 
properties;  tritium;  vapor  pressure. 


1.     Introduction 

Hydrogen  in  solid,    slush,   and  liquid  states  has  long  been  used  in  the  space  industry  as 
a  fuel  and  a  refrigerant,   and  in  nuclear  physics  as  targets  for  high  energy  beams  and  in 
bubble  chambers.     A  number  of  new  applications  are  now  being  discussed  in  the  context  of  a 
"hydrogen  economy"  in  light  of  the  National  energy  crisis.     These  potential  applications 
include  the  use  of  hydrogen  as  a  fuel  in  automobiles,   trains,   and  core- city  refrigeration,   the 
generation  of  hydrogen  in  sea  water  power  plants,    its  transportation  as   slush,   and  power 
generation  in  thermonuclear  fusion.     A  survey  of  properties  of  the  solid  and  liquid  hydrogens 
is  therefore  very  timely. 

Coverage 

The  survey  covers  a  wide  range  of  properties  including  PVT,    thermodynamic,    thermal, 
transport,    electrical,   radiative  and  mechanical.     All  isotopic  as  well  as  ortho-para  modifi- 
cations of  hydrogen  have  been  included.     Temperatures  are  limited  to  those  below  the 
respective  critical  points,    i.  e.  ,    in  general  below  40  K.     The  pressure  range  is  not  restricted, 
that  is   solid,   liquid,   and  gas  phases  are  covered  by  the  survey.     However,   with  the  exception 
of  hydrogen  itself,   very  little  data  exist  at  pressures  other  than  saturation.     Whenever  the 
data  tables  in  the  literature  are  extensive,  for  example  if  the  single  phase  gas  region  or  the 
compressed  liquid  states  are  covered,    then  we  have  presented  the  saturation  tables  as  an 
example  of  the  kind  of  information  that  is  available.     The  user  is  referred  to  the  original 
sources  for  additional  values.     The  literature  surveyed  includes  all  references  available  to 
the  Cryogenic  Data  Center  up  to  June  of  1972.     For  several  subjects,   whenever  one  of  the 
authors  was  aware  of  more  recent  pertinent  papers,    the  survey  extends  through  March  of 
1973.     The  total  number  of  documents  considered  in  this  survey  was  nearly  1500  of  which 
about  10  percent  contain  pertinent  information  and  are  referenced  in  this  report.     Referencing 
is  done  by  the  accession  numbers  of  the  Cryogenic  Data  Center  because  it  was  convenient 
for  the  authors  and  because  we  wish  to  remain  compatible  with  the  bibliographies  furnished 
to  the  sponsor  at  the  beginning  of  the  contract. 

Selection  Criteria 

In  selecting   sources  of  data,   a  critical  evaluation  was  not  made.     However,   we  used 
the  following  guide. 

a)  If  several  sets  of  data  exist,   which,    in  our  judgement,   are  the  "best  data"? 

b)  Are  these  values  consistent  with  other  properties  presented  in  the  report? 

c)  Are  tables  or  graphs  available?     Are  they  in  a  convenient  form? 

d)  Can  we  find  any  values  at  all  -   even  if  estimated? 

Quite  often  we  assemble  information  on  all  of  the  hydrogens   into  a  single  table  to  allow  rapid 
comparison,   as  for   example  in  the  tables  of  fixed  points.     In  general,    if  an  author  presented 
both  experimental  data  and  a  functional  representation  for  the  data,    then  we  present  the 
calculated  values  because  they  will  be  easier  to  interpolate. 


Inconsistencies  in  the  Data 

Many  inconsistencies  or  discontinuities  exist  in  the  data  presented  because  the  values 
originate  from  many  diverse  sources.     Considerable  effort  would  be  required  to  reconcile 
the  discrepancies  between  different  sources.     It  is  best  that  the  user  be  forewarned;  therefore, 
we  list  a  few  of  the  discrepancies  which  we  have  found  most  vexing. 

First,   of  course,   is  the  matter  of  temperature  scales.     The  NBS-39  scale,   the  NBS-55 
scale,   and  more  recently  the  IPTS-68  scale  have  been  in  common  use,   and  their  inter-relation 
is  fairly  well  understood.     For  example,   table  2-2  is  on  the  NBS-55  scale,   and  table  2-3  on 
the  NBS-39  scale.     The  triple  point  temperatures  are  13.803  K  and  13.813  K;  they  differ  by 
0.01  K.     Next  is  the  matter  of  the  triple  point.     Vapor  pressure  equations  for  solid  and  liquid 
as  well  as  the  melting  curve  should  intersect  mathematically  at  the  triple  point,   yet  they 
rarely  do.     Finally,   different  authors  choose  different  reference  states  for  entropy  and 
enthalpy.     For  example,    in  table  2-2  and  3-2  the  reference  enthalpy,  H   -E    ,    is  zero  for  the 
ideal  gas  at  1  atm  and  0  K,    in  table  2-3  the  reference  enthalpy  is  zero  for  the  ideal  crystal  at 
0  K.     The  enthalpies  of  the  solid  at  the  triple  point  compare  as  follows:     table  3-2    -740.2 
J/mol,   table  2-3     21.32  J/mol. 

Major  References 

We  would  be  remiss  if  we  did  not  point  out  those  references  that  have  been  of  partic- 
ular value  to  us  in  this   survey.     The  list  is  a  practical  bibliography  for  those  engaged  in 
research  on  the  hydrogens. 

1.  The  survey  paper  by  Woolley,    et  al.  ,    1948  [6368]. 

2.  The  thermodynamic  calculations  by  Mullins,    et  al.  ,    1961  [12596]. 

3.  The  monograph  on  parahydrogen  by  Roder,    et  al.  ,    1965  [29210]  and  its  equivalent 
in  engineering  units  by  McCarty  and  Weber,    1972  [80777], 

4.  The  papers  on  solid  hydrogen  by  Dwyer,    Cook,   et  al.  ,    ca  1965  [25302,   28604, 
29550,    29881,   30327,   34352,   38751]. 

5.  The  thermodynamic  properties  of  deuterium  by  Prydz,    1967  [43781]. 

6.  The  Russian  survey  on  hydrogen,    Esel'son,    et  al.  ,    1969  [Esel1  son,   et  al.  ,    1971]. 

7.  The  survey  on  deuterium  by  Ludtke  and  Roder,    1971  [78262]. 

1.1     Recommendations 

We  have  assembled  only  such  data  as  is  available  in  the  literature;  the  lack  of  data  for 
specific  properties  will  be  evident.     We  suggest  that  additional  analysis,    estimation  and 
measurements  should  be  undertaken  to  fill  some  of  the  gaps  uncovered  in  this   survey.     In 
particular,   the  removal  of  inconsistencies  in  the  data,   touched  upon  above,   would  be  highly 
desirable.     Specific  recommendations,    separated  into  short  term  and  longer  term  items,   are 
given  below: 


Short  Term  Items 

1.  Maintain  a  literature  file  by  monitoring  the  most  appropriate  journals  for  new  information. 
For  example,    the  January  1973   issue  of  Cryogenics  contains  an  article  on  the  mechanical 
properties  of  solid  H2  . 

2.  Additional  analysis  to  resolve  inconsistencies. 

a.  Re- evaluate  the  density  of  saturated  solid  H3   and  D2   by  including  the  most  recent 
values  obtained  in  the  deter mination  of  the  lattice  constants.     The  older  volumetric  measure- 
ments could  be  off  by  1.5%.     Estimate  solid  densities  for  the  other   isotopes. 

b.  Calculate  the  ideal  gas  thermodynamic  properties  for  HD,   HT  and  DT  for  temperatures 
below  50  K. 

c.  Re-analyze  the  liquid  viscosity  data  especially  for  D2    since  the  estimated  values  for 
HT,   DT  and  T3  depend  critically  upon  the  values  of  D2  . 

d.  Re-analyze  the  surface  tension  data  to  include  the  most  recent  values  at  temperatures 
near  critical. 

e.  Analyze  the  difference  in  Debye  9's  as  obtained  from  specific  heats  vs.    those  obtained 
from  mechanical  properties. 

f.  Try  to  establish  which  mixing  rule  is  the  most  appropriate,    since  there  is   some 
evidence  that  the  properties  of  HT  cannot  be  taken  to  be  equal  to  those  of  D2  . 

3.  Additional  estimation  to  fill  critical  gaps  in  the  data. 

a.  Estimate  property  values,   not  presently  available,   at  the  fixed  points. 

b.  Estimate  densities  for   saturated  liquid  HT  and  DT. 

c.  Estimate  thermal  diffusivities  for  all  isotopes.      Note  that  the  values  should  vary  by 
about  4  orders  of  magnitude. 

d.  Estimate  heats  of  sublimation  for  HT,   DT,    and  T3   and  try  to  insure  consistency  at 
the  triple  point. 

e.  Estimate     C       for  liquid     Ts  . 

f.  Estimate  densities  of  the  liquid  along  the  melting  lines. 

g.  Summarize  the  information  above  in  temperature- entropy  diagrams. 

Longer  Term  Items 

1.  A  more  detailed  survey  of  ortho-para  conversion,    of  electromagnetic  radiation  interaction 
with  the  hydrogens,   and  of  the  mixture  properties  is  in  order.     These  topics  were  slighted  in 
this   survey  through  limitations  in  time  and  funding. 

2.  The  PVT  surface  of  parahydrogen  should  be  improved  by  considering  a)  additional 
melting~pr es.sures  close  to  the  triple  point,   b)  index  of  refraction  measurements  which  yield 
a  better  critical  point,    c)  the  IPTS-68  scale,   and  d)  recent  accurate  experimental 
measurements  of  the  latent  heat  of  vaporization. 

3.  The  PVT  surface  of  normal  hydrogen  should  be  correlated. 


4.  Remeasure  the  vapor  pressures  of  the  hydrogens.     Almost  all  of  the  older   experiments 
used  the  vapor  pressure  as  the  basic  thermometer,   and  if  any  of  the  older  information  is 

to  be  made  consistent  and  useful  the  temperature  scale  problem  including  the  triple  point 
discrepancies  must  be  resolved. 

5.  Measure  the  thermal  conductivity  of  solid  and  liquid  D2  ,    the  present  uncertainty  is  at 
least  20%. 

6.  Measure  the  viscosity  of  liquid  D2  .     Values  are  basic  to  the  estimation  of  the  viscosities 
of  HT,    DT  and  T2   but  have  an  uncertainty  of  at  least  10%. 

7.  Measure  the  heats  of  fusion  for  all  isotopes  except  H2   and  D2  . 

8.  Examine  the  possibility  of  an  additional  phase  transition  in  solid  hydrogen. 

2.     PVT  PROPERTIES 
2.  1     Crystal  Structure 
Lattice  Parameter 


Hydrogen  is  an  extremely  interesting  solid  because  for  certain  isotopic  compositions 
it  may  undergo  a  transition  at  low  temperatures.     This  transition  has  been  studied  by  x-ray 
diffraction,    electron  diffraction,    neutron  diffraction,    nmr  [29574],    and  infrared  absorption 
[30699].     In  general  all  hydrogen  isotopes  solidify  in  the  hexagonal  close  packed  (hep)   structure, 
particularly  if  cooled  from  the  liquid  state.     Parahydrogen  and  orthodeuterium  appear  to  be 
stable  in  hep  down  to  the  lowest  temperatures  investigated.     In  contrast,    H3    rich  in  the  ortho 
component  (>  60%)  and  deuterium  rich  in  para  undergo  a  transition  to  the  face  centered  cubic 
(fee)  structure  in  the  temperature  range   1.2  to  4.2  K.     In  addition,    there  is   considerable 
evidence  that  unconverted  hydrogen  or  deuterium  if  condensed  from  the  vapor  in  thin  films 
is  in  fee  [35812].     Other  experiments   show  that  the  substrate  can  affect  the  lattice   spacing 
introducing  the  fee  structure,    and  that  plastic  deformation  initiates  the  fee  structure  [38726], 

The  transition  temperature  is  a  function  of  ortho-para  concentration  [47572]  as  well 
as  density  or  pressure  [47821].      The  volume  change  of  the  transition  is   small,     1.3%,    but  has 
been  measured  [43353].     The  transition  corresponds  to  the  X   anomaly  in  the  specific  heat  but 
exhibits   considerable  hysteresis.     It  is  obvious  that  the  difference  in  energy  of  the  two  close 
packed  structures  of  hydrogen  is  exceptionally  small.     It  is  also  well  known  that  solid  phases 
frequently  undercool  and  remain  in  a  metastable  form;  thus  hysteresis  is  often  encountered  in 
such  a  martensitic  transformation  [38726].     A  different  explanation  is  that  the  changes  in 
thermodynamic  properties  are  due  mainly  to  the  order-disorder  transition  of  the  rotational 
motions,    and  not  to  the  crystalline  phase  change  per  se  [65524]. 

The  ranges  of  the  lattice  parameters  have  been  assembled  from  various  sources  into 
table  2-1.  It  should  be  emphasized,  though,  that  the  references  given  above  and  in  table  2-1 
are  not  exhaustive,    only  representative. 
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Thermal  Expansion  (solid) 

Explicit  values  for  any  of  the  hydrogens  were  not  found  in  the  literature.     We  can, 
however,    estimate   the  thermal  expansion  from  the  volume  change.     In  the  absence  of  pre- 
ferred orientation  the  linear  expansion  is  to  a  very  good  approximation  one-third  of  the 
volume  expansion.     As  an  example  consider  deuterium  between   1.175  K  and  its  triple  point, 
18.723  K.     The  linear  thermal  expansion  over  this   range  is 
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where  the  molar  volumes  of  deuterium  at  the  appropriate  temperatures  were  taken  from 
table  2-8.     Solid  deuterium  in  this  temperature  range  contracts  by  about  1%  in  contrast  to  a 
typical  metal  which  contracts  very  little  if  at  all  for  the  same  temperature  change.      The 
calculated  values  for  parahydrogen  shown  below  were  taken  from  Ahlers  [21136]. 


Temperature  Thermal  expansion 
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Temperature  Thermal  expansion 

K  coefficient    a  x  104,    1 /K 


0.022 

0.22 

1.0 

3.0 

6.5 
11.3 
16.5 


9 
10 
11 
12 
13 
13.80 


21.7 

26.  7 
30.4 
34.6 
39.4 
44.  7 
49.4 


Metallic  Hydrogen  (solid) 

Solid  hydrogen  under   extreme  compression  -   about  2.8  megabars  -  undergoes  a 
phase  transition  to  the  metallic  state  [82898],   and  may  be  superconducting.     While  this 
subject  is  outside  the  scope  of  our  report,    we   include  a  short  bibliography.      The  bibliography 
is  intended  to  provide  a  starting  point  for  those  interested  in  pursuing  this  fascinating 
subject.     A  survey  of  the  various  equations  of  state  of  the  solid  which  have  been  extrapolated 
to  extreme  pressures  is  given  in  [41169].     A  basic  reference  is  E.    Wigner  and  H.    B. 
Huntington,   J.    Chem.    Phys.    3_>    ?64   (1935).      Others  are: 

[16708]  [55479]  [74178]  [80692] 

[31008]  [62125]  [76172] 

[40176]  [65872]  [78271] 

[47933]  [69744]  [80394] 


2.2    PVT  Data 

A  large  number  of  papers  deal  with  PVT  data  for  the  hydrogens.     In  order  to  organize 
the  material  it  is  helpful  to  recall  the  density- temperature  phase  diagram  shown 
schematically  below. 


TEMPERATURE 

The  presentation  of  data  for  each  isotope  is  done  according  to  the  six  regions  on  the 
schematic  phase  diagram.     Ordinarily  PVT  data  are  not  measured  in  the  coexisting  regions 
liquid-gas,   liquid- solid,   or  solid-gas,   rather  they  are  established  from  the  phase  boundaries 
in  terms  of  a  variable  called  quality.     The  phase  boundaries  are  included  in  the  description 
of  the  adjacent  single  phase  region.     The  chart  below  is  intended  to  serve  as  a  rapid  index 
showing  what  is  available  for  a  given  isotope. 

Note:    Within  the  limits  of  this  survey  it  has  not  been  possible  to  remove  discrepancies 
between  the  sources  shown.     For  example,   the  triple  point  of    Hs     is  13.803  and  13.813 
depending  on  the  temperature  scales  used  and  in  addition  the  enthalpy  and  entropy  bases  are 
different. 
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Hydrogen 

The  primary  sources  are  Roder,   et  al.   [29210],   McCarty  and  Weber  [80777], 
Malyshenko  [81975],   Mullins,    et  al.    [12596],    Cook,   et  al.   [29881],   Dwyer,    et  al.    [29550], 
Stewart  [11238],   Megaw[487],   and  Woolley,   et  al.   [6368]. 

For  parahydrogen  Roder,    et  al.   [29210]  present  extensive  tables.     The  basic  mea- 
surements cover  the  entire  liquid  and  gas  region  up  to  350  atm  of  pressure.     The  uncertainty 
is  0.  1%  in  volume  except  near  the  critical  point  where  it  may  be  as  much  as  6%.     The 
temperatures  are  on  the  NBS-1955  scale.     Values  for  the  saturation  boundary  table  2-2  are 
taken  from  this  source  to  illustrate  the  type  of  data  presented. 

Table  2-2.     Saturation  Properties,   Parahydrogen,   Liquid-Vapor 
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•  THE  FIRST  ENTRY  FOR  EACH  TEMPERATURE  PERTAINS  TO  THE  SATURATED  LIQUIO 


The  data  of  Roder,    et  al.   [29610]  were  used  by  McCarty  and  Weber  [80777]  to  produce 
similar  set  of  PVT  data  in  engineering  units,   and  to  extrapolate  the  liquid  surface  to 
essures  of  .10,000  psia  (~  680  atm).     An  alternative  extrapolation  is  found  in  a  paper  by 
ily&nenko  [81975].     This  paper  is  mentioned  because  the  extrapolation  goes  to  1000  atmo- 
heres  and  is  the  only  source  of  PVT  for  liquid  hydrogen  at  pressures  to  1000  atmospheres. 

The  calculations  of  Mullins,    et  al.   [12596]  presents  PVT  data  for  parahydrogen  below 
e  triple  point  temperature  down  to  1  K.     These  data  are  based  on  available  experimental 
lues  and  a  thermodynamically  consistent  calculation. 

A  composite  table  of  values  from  this  source  is  presented  in  table  2-3. 

The  PVT  surface  of  solid  hydrogen  is  best  summarized  in  figure  2-1  taken  from  Cook, 
al.   [28604].     The  authors  include  their  own  measurements  on  the  compressed  solid  (table 
4),  values  on  the  saturated  solid  by  Dwyer,    et  al.   [29550,   table  2-5]  as  well  as  the  changes 
volume  measured  by  Stewart  [11238,    shown  separately  in  figure  2-2  and  in  table  2-6]  which 
e  in  agreement  with  the  earlier  measurements  by  Megaw  [487].     Figure  2-1   shows  rather 
lusual  behavior  near  the  melting  line  indicating  perhaps  an  as  yet  undisclosed  phase 
ansition  [see  also  Roder,    1973]. 
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Figure  2-1.     PVT  Diagram  for  Solid  Hydrogen 
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Table  2-4.     Parahydrogen,    Molar 
Volume  of  the  Solid 


Table  2,-5.     Parahydrogen,   Molar  Volumes 
of  the  Solid  Along  the  Melting  Line 


Temperature  (°K) 

Temp. 
(°K) 

Pressure 

(atm) 

Molar  volume 
(cmVmole) 

Difference 

(atrrO            11.49° 

13.98°       16.89°       18.20° 

19.97° 

Exptl. 

Calc. 

0              23.08 

22.83 

-Calc. 

25              22.63 

50              22.22 

22.58 

13.803 

0.0695 

23.31 

23.272 

+0.038 

75              21.85 

22.24 

13.97 

... 

23.16* 

23.225 

-0.065 

13.99 

23.22* 

23.219 

+0.001 

100              21.53 

21.93 

150 

21.26        22.00 

14.00 

5.887 

23.26 

23.216 

+0.044 

200 

21.55        21.52 

15.00 

36.88 

22.97 

22.933 

+0.037 

250 

21.10        21.07 

21.45 

16.00 

70.19 

22.67 

22.650 

+0.020 

300 
350 

20.70 

21.30 

16.89 

22.42* 

22.398 

+0.022 

21.15 

17.00 
18.00 

105.68 
143.22 

22.36 
22.06 

22.367 
22.084 

-0.007 
-0.024 

a  All  values  of  the  molar  volume  are  in  cubic  centimeters  per  mole. 

18.20 

— 

22.00* 

22.027 

-0.027 

19.00 

182.72 

21.76 

21.801 

-0.041 

with  permission 

from  G. A.    Cook,    et 

al.  ,   J. 

19.97 

... 

21.52 

21.526 

-0.006 

Chem.    Phys.    43 

,    1313   (Aug.    1965). 

20.00 

224.10 

21.48 

21.518 

-0.038 

21.00 

267 . 29 

21.20 

21.235 

-0.035 

22.00 

312.23 

20.94 

20.952 

-0.012 

23.00 

358.88 

20.69 

20.669 

+0.021 

23.82 

— 

21.51* 

20.437 

+0.073 

24.00 

407.20 

20.45 

20.386 

+0.064 

Mean  0.032 

a  Values  marked  with  an  asterisk  were  measured  directly  in  the  piezometer. 
All  other  molar  volumes  were  computed  from  our  smoothed  values  [or  heat  of 
fusion.  All  pressures  were  calculated  from  the  equation  derived  by  Goodwin 
(Ref.  7).  Calculated  values  of  the  molar  volume  were  obtained  by  use  of  Eq.  (3). 

with  permission  from  R.  F.    Dwyer,    et  al.  „   J. 
Chem.    Phys.   43,    801    (Aug.    1965). 


Table  2-6.      Compressions  at  4  K 


Helium 

Hydrogen 

Deuterium 

Neon 

Pres- 
sure 

105 

105 

105 

10= 

kg/ 

AV 

V 

M.V. 

ft 

AV 

V 

M.V. 

ft 

AV 

V 

M.V. 

ft 

AV 

V 

M.V. 

ft 

cm2 

vv 

v» 

cm3 

cm2/ 
kg 

V0' 

~V~o 

cm3 

cm2/ 
kg 

V0' 

Vo 

cm3 

cm2/ 
kg 

Vo' 

v0 

cm3 

cm2/ 
kg 

P0or0 



1-000 

17-1 

115 

. . 

1-000 

22-65 

49 

— . 

1-000 

19-56 

30 



1-000 

14-0 

10 

200 

— 

•924 

15-8 

77 

— 

•928 

21-0 

31 

— 

•948 

18-5 

22 

— 

•982 

13-7 

— 

400 

— 

•846 

14-5 

41 

— 

•883 

20-0 

23 

— 

■911 

17-8 

18 

— 

•966 

13-5 

— 

600 

— 

•792 

13-5 

29 

— 

•847 

19-2 

19 

— 

•882 

17-2 

15 

•952 

13-3 

— 

1000 

— 

•722 

12-4 

19 

— 

•794 

18-0 

14 

— 

•840 

16-4 

12 

•927 

13-0 

5-3 

2043 

0 

•625 

10-7 

9-8 

0 

•711 

16-1 

8-1 

0 

•764 

14-9 

7-3 

o 

•882 

12-3 

.    3-8 

3000 

•079 

•579 

9-9 

7-0 

•065 

•667 

15-1 

6-1 

•061 

•715 

14-0 

5-5 

•032 

•858 

12-0 

— 

4000 

•134 

•544 

9-3 

5-5 

•110 

•632 

14-3 

4-8 

•103 

•680 

13-3 

4-5 

■055 

•832 

11-6 

2-6 

6000 

•205 

•497 

8-5 

3-8 

•181 

•583 

13-2 

3-5 

•173 

•632 

12-4 

3-3 

•100 

•797 

11.1 

2-0 

8000 

•256 

•466 

8-0 

2-9 

•227 

•549 

12-4 

2-7 

•215 

•597 

11-7 

2-6 

•130 

•770 

10-8 

1-7 

10,000 

•295 

•440 

7-5 

2-4 

•266 

•523 

11-8 

2-3 

•253 

•571 

11-2 

2-2 

■156 

•747 

10-4 

1-41 

12,000 

•325 

•421 

7-2 

2-0 

•297 

•500 

11-3 

1-9 

•281 

•549 

10-7 

1-9 

•178 

•  728 

10-2 

1-23 

16,000 

•370 

•392 

6-7 

1-5 

•343 

•467 

10-6 

1-4 

•325 

•514 

10-0 

1-4 

•213 

•696 

9-7 

•98 

20,000 

•403 

•373 

6-4 

1-3 

•376 

•445 

10-1 

1-2 

•358 

•485 

9-5 

1-2 

•240 

•669 

9-4 

•81 

with  per  mission  from  J.  W.    Stewart,   Phys.    Chem.    Solids  1_,    146   (1956) 
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Pressure 


103kg/c 


F;«nire  2-2.     The  Molar  Volumes  of  Helium,   Hydrogen,   Deuterium,   and  Neon  at  4  K 
with  permission  from  J.  W.    Stewart,   Phys.    Chem.    Solids  1,    146   (1956). 

The  difference  in  PVT  between  the  ortho-para  modifications  is  very  slight  and  for 
most  practical  purposes  may  be  neglected.     There  is,   however,  a  difference  and  if  a  distinc- 
tion is  necessary,   the  work  of  Woolley,    et  al.    [6368]   is  recommended  (see  also  the  section 
on  ortho-para  conversion).     The  vapor  pressure  of  normal  hydrogen  is  slightly  different 
than  parahydrogen  and  therefore  the  saturated  densities  will  be  slightly  different.     Once  off 
of  the  saturated  boundary, however ,   the  differences  are  probably  less.     The  differences  are 
illustrated  for  the  saturation  boundary  in  table  2-2a  which  is  taken  from  [23790]. 

Deuterium 

The  recommended  source  of  PVT  for  liquid  and  gaseous  normal  deuterium  is  the 
correlation  by  Prydz  [43781]  accomplished  with  a  modified  BWR  equation  of  state.     The 
correlation  covers  the  temperature  range  from  the  triple  point  to  the  critical  point  for 
pressures  to  400  atm.     Extensive  thermodynamic  tables  of  values  are  presented  in  metric 
units.     This   source  is  recommended  because   it  is  the  only  source  which  covers  both  the 
gaseous  and  liquid  phases  in  a  consistent  manner.     The  accuracy  of  the  PVT  data  in  the 
gaseous  phase  is  probably  not  too  good.     Very  little  experimental  data  were  available  and  the 
correlated  values  deviated  from  the  experimental  data  by  ±  0.3%  in  density  at  20.4  K  to  +  4% 
in  pressure  at  41  K.     The  maximum  pressure  of  the  liquid  data  was  slightly  over  100  atmo- 
spheres.    The  deviations  between  Prydz' s  correlation  and  experimental  values  for  compressed 
liquid  states  range  up  to  ±  0.5%  in  density.     Table  2-7  gives   saturation  data  for  normal 
deuterium. 
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Table  2-2a.     Saturation  Properties,   Normal  Hydrogen,   Liquid- Vapor 


Temp. 

Pressure 
atm 

Vapor  Pressure 
Slope,  dP/dT 

Density,  g 

mole/cms 

°K 

[31] 

(atm/°K) 

Sat.  Liquid  [12] 

Sat.  Vapor 

13.947 

0.071, 

0.041, 

0.03830 

0.000063, 

14 

0.073, 

0.042, 

0.03828 

0.000064, 

15 

0.125, 

0.063, 

0.03786 

0.000104, 

16 

0.202, 

0.091, 

0.03742 

0.000159, 

17 

0.310s 

0.125, 

0.03695 

0.000232, 

18 

0.456, 

0.167, 

0.03647 

0.000327, 

19 

0.648, 

0.216 

0.03595 

0.000447, 

20 

0.891, 

0.273 

0.03540 

0.000595, 

20.380 

1.000 

0.296 

0.03519 

0.000660, 

21 

1.196 

0.337 

0.03483 

0.000776, 

22 

1.569 

0.409 

0.03421 

0.000995, 

23 

2.018 

0.490 

0.03355 

0.001257 

24 

2.551 

0.579 

0.03285 

0.001569 

25 

3.178 

0.676 

0.03209 

0.001938 

26 

3.906 

0.783 

0.03127 

0.002377 

27 

4.746 

0.898 

0.03036 

0.002900 

28 

5.705 

1.023 

0.02935 

0.003527 

29 

6.794 

1.157 

0.02821 

0.004290 

30 

8.023 

1.302 

0.02689 

0.005241 

31 

9.401 

1.457 

0.02528 

0.006482 

32 

10.94 

1.622 

0.02312 

33 

12.65 

1.800 

0.01903 

33.18 

12.98 

1.833 

0.01494 

0.01494 

Table  2-7.     Saturation  Data  for  Normal  Deuterium 


TEMP. 

PRESSURE 

DENSITY 

ENTHALPY 

ENTROPY 

K 

ATM 

MOL/LITER 

J/MOL 

J/MOL 

-K 

VAPOR 

LIQUID 

VAPOR 

LIQUID 

VAPOR 

LIQUID 

18,710 

0.16872 

0.111221 

43.1598 

638.7 

-648.9 

87.09 

18.27 

19.000 

0.19181 

0.124876 

43*0160 

640.8 

-644.7 

86.52 

18.86 

20.000 

0.29057 

0.181841 

42.5081 

660.4 

-615.6 

83.81 

20.02 

21.000 

0.42*05 

0.256456 

41.9781 

675.1 

-587.7 

81,48 

21.35 

22.000 

0.59925 

0.352051 

41.4228 

687.2 

-558.9 

79.30 

22.66 

23.000 

0.82353 

0.472322 

40.8403 

696.7 

-529.2 

77.25 

23.95 

24.000 

1.10456 

0.621418 

40.2287 

703.3 

-498.8 

75.31 

25.22 

25.000 

1.45018 

0.804045 

39.5858 

707.0 

-467.7 

73.44 

26.46 

26.000 

1.86843 

1.02561 

38.9085 

707.7 

-436.0 

71,65 

27.66 

27.000 

2.36751 

1.29242 

38.1926 

705.4 

-403.6 

69,91 

28.84 

29.000 

2.95576 

1.61194 

37.4326 

700.1 

-370.5 

68.22 

29.98 

29.000 

3.64163 

1.99316 

36.6212 

691.5 

-336.6 

66.56 

31.10 

30.000 

4.43377 

2.44712 

35.7488 

679.6 

-301.9 

64.93 

32.21 

31.000 

5.34100 

2.98769 

34.8025 

664.5 

-265.6 

63.31 

33.31 

32.000 

6*37235 

3.63281 

33.7643 

645.8 

-227.6 

61.71 

34.42 

33.000 

7.53713 

4.40669 

32.6085 

623.2 

-187.1 

60.11 

35.56 

34.000 

8.84496 

5.34403 

31.2963 

596.2 

-142.9 

58.49 

36.75 

35.000 

10.30579 

6.49920 

29.7650 

563.9 

-93.3 

56.83 

38.05 

36.000 

11.93005 

7.97036 

27.9000 

524.2 

-34.7 

55.07 

39.54 

37.000 

.13.7?861 

9.98197 

25.4469 

471.7 

40.4 

53.06 

41.41 

38.000 

15.71290 

13.4367 

21.4462 

382.7 

160.0 

50.23 

44.37 

38.3*0 

16.43200 

17.3280 

17.3280 

278.6 

278.6 

47.38 

47.38 

13 


Woolley,    et  al.    [6368]  present  molar  volumes  for  the  solid  at  the  triple  point  and  at 
elevated  pressures  along  the  melting  line.     The  latter  values  are  based  on  volumetric  mea- 
surements in  compressed  liquid  states  by  Bartholome  [5118]  extrapolated  to  the  appropriate 
phase  boundary  and  combined  with  the  calculated  volume  changes  on  fusion  published  by 
Clusius  and  Bartholome  [5595].      The  volume  changes  on  fusion  were  established  from 
measured  heats  of  fusion,   the  slope  of  the  melting  curve,   and  the  Clausius- Clapeyron 
equation. 

The  densities  of  saturated  solid  deuterium  were  approximated  by  Ludtke  and 
Roder  [78262]  with  the  power  series 

2  2  3 

p     =     p        -     AT       =     0.20459-   0.000026337T       with     p     ing/cm       and     T     in  kelvins. 

The  polynomial  is  based  on  the  data  by  Schuch  and  Mills  [37741],   Megaw  [487],   Mucker, 
et  al.   [32807]  and  Woolley,    et  al.   [6368].     The  comparison  of  calculated  and  experimental 
values  is  shown  in  table  2-8. 

Table  2-8.     Densities  of  Saturated  Solid  Deuterium 

T  V  V-CALC  p  p-CALC         DIFF  AUTHOR  MODIFI- 

3  3  3  3 

(K)  (cm    /mol)         (cm    /mol)        g/cm  g/cm  (%)  CATION 

1.175  19.75  19.69  0.2040        0.2045  -0.3        Schuch  and  Mills       various 

1.450  19.79  19.70  0.2036        0.2045  -0.5        Schuch  and  Mills       para 

4.200  19.56  19.74  0.2059        0.2041  0.9        Megaw  normal 

13.000  20.10  20.13  0.2004        0.2001  0.1        Muckers,    et  al.  normal  = 

ortho 

17.000  20.65  20.45  0.1951         0.1970  -1.0        Schuch  and  Mills        normal 

18.723  20.48  20.62  0.1967        0.1954  0.7        Woolley,    et  al.  normal 


For  the  compressed  solid  states  of  deuterium  there  are  two  sources  of  data, 
Megaw  [487]  and  Stewart  [11238].      The  two  sources  agree  very  closely,   and  Stewart's  values 
are  shown  in  figure  2-2  and  table  2-6. 

The  differences  in  PVT  between  ortho- para  modifications  of  deuterium  are  small  and 
for  most  practical  purposes  may  be  neglected.     We  note  that  for  hydrogen  the  para  and 
normal  modifications  differ  by  up  to  0.26%  in  liquid  density,    see  for  example  Woolley, 
et  al.    [6368]  or  Goodwin,    etal.    [11625].     We  can  apply  a  simple  ratio  of  0. 333/0.  75  to  get  a 
change  of  0.  115%  for  the  difference  between  normal  and  ortho  deuterium.      This  change  is 
smaller  than  the  precision  inherent  in  the  data  treated  by  Prydz. 
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Tritium 

The  only  experimental  PVT  data  for    TB     revealed  in  the  literature  search  are 

densities  for  the  saturated  liquid  and  gas  for  temperatures  from  20.61  to  29.  13  K  by 

Grilly  [445].     The  values  are  given  in  table  2-9  below.     The  densities  of  the  liquid  should  be 

in  error  by  no  more  than  0.  23%.     Additional  values  for  the  density  of  the  liquid  given  in 

table  2-10  were  obtained  by  Rogers  and  Brickwedde  [28408]  from  corresponding  states. 

Table  2-9.     Molar  Densities  of  Liquid  Table  2-10.     Density  of  Liquid  Tritium 

Tritium 

T,      K  p,   g/cm3 


pli'l    —    Pgas. 

Pliq' 

Dev,  from 
curve 

T.  "K.             mole/liter             pgaj 

20.61             45.17            0.13 

45.39 

0.04 

30 

0 

0 

234 

22.50             43.97              .16 

44.21 

-.01 

31 

0 

0 

228 

22.99             43.51               .29 

43.88 

-.04 

23.59             43.11               .35 

43.55 

.00 

32 

0 

0 

222 

24.41              42.49               .44 
24.72              42.24               .48 

43.01 
42.81 

-.01 

—  .  02 

33 

0 

0 

216 

25.66              41.53               .62 

42.25 

.03 

34 

0 

0 

209 

26.36             40.91               .73 

41.74 

.0(1 

27.09             40.17              .87 

41.14 

-.05 

35 

0 

0 

202 

28.32             39.06            1.14 

40.31 

.07 

36 

0 

0 

193 

29.13             38.02            1.37 

39.49 

-.06 

<■  With  2.0%  HT  present.     6  Corrected  to  0.0% 

HT. 

37 
38 

0 
0 

0 
0 

183 

with  permission  from  E.R. 

Grilly, 

J. 

Am. 

171 

Chem.   Soc.    73,    5307  (1951) 

38 
39 
39 

5 
0 

5 

0 
0. 
0. 

164 
155 
144 

40 

•!J 

2 
2 

Cri 
P 

tical 
Dint 

0 

109  +  0.003 

with  permission  from  J.  D.    Rogers,    et  al.  ,    J. 
Chem.   Phys.   42,   2822  (Apr.    1965). 


The  only  reference  to  the  density  of  solid  tritium  is  that  of  Kogan,    et  al.   [29055]. 

3 
They  report  a  density  of  0.  324  g/cm     at  4.  2  K. 

Hydrogen  Deuteride  -  HP 

A  paper  by  Varekamp  and  Beenakker  [12725]  gives  second  virial  coefficients  for 
HD,    see  page  20.       These  values  may  be  used  with  the  virial  equation  to  calculate  pressures 
for  densities  below  saturation. 

The  only  PVT  data  for  liquid  HD  revealed  by  the  literature  search  are  densities  for 
the  saturated  liquid  published  by  Rudenko  and  Slyusor  [59955].     Table  2-11   is  taken  from  this 
reference.     Densities  given  in  the  earlier  paper  by  Woolley,   et  al.   [6368]  are  about  0.4% 
higher  than  those  of  Rudenko  and  Slyusor  and  should  be  ignored. 
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Table  2-11.      Densities  of  Liquid  HD 


T,      K 


p,    g/cm 


T,      K 


p,   g/cm3 


16.60 
17.00 
18.00 
19.00 
20.00 
20.39 
21.00 
22.00 
23.00 
24.00 
25.00 
26.00 
27.00 


0 

1228 

0 

1223 

0 

1209 

0 

1195 

0 

1180 

0 

1173 

0 

1164 

0 

1147 

0 

1130 

0 

1111 

0 

1091 

0 

1070 

0 

1048 

28.00 
29.00 
30.  00 
31.00 
32.00 
32.  50 
33.00 
33.50 
34.00 
34.50 
35.  00 
35.50 


0. 1023 
0.0997 
0.0968 
0.0936 
0.0900 
0.0880 
0.0858 
0.0834 
0.0805 
0.0772 
0.0730 
0.0671 


Woolley,    et  al.    [6368]  report  the  volume  of  solid  HD  at  the  triple  point  to  be  21.84 
cm3/molat    p  =  0 .  1 26  kg/cms   and     T=   16.60  K. 

Note  that  HD  does  not  exhibit  ortho-para  modifications. 

Hydrogen  Tritide  -  HT 

No  references  were  found  for  the  PVT  of  HT,   however,    the  assumption  is  usually 

made  that  the  PVT  for  HT   is  approximately  equal  to  that  of     D    . 

s 

Deuterium  Tritide  -   DT 


No  references  for  the  PVT  of  DT  were  found  for  the  temperature  range  of  this   survey, 
however,    Oppenheim  and  Friedman  [23817]  give  some  theoretically  calculated  values  of  PVT 
for  DT  at  temperatures   slightly  above  the  critical  temperature. 

Discussion 

The  existing  PVT  data  for  parahydrpgen  are  adequate,   but  additional  experimental 
data  for  all  the  other   isotopes  would  be  deslirable. 
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2.  3    Equations  of  State 

The  meaning  of  the  phrase  "equation  of  state"  is  taken  here  to  be  a  mathematical 
model  of  the  PVT  surface.      Usually  the  model  consists  of  a  single  equation  which  is  explicit 
in  pressure.      This  is  most  convenient  because  the  various  derivatives,    which  are  required  to 
calculate  thermodynamic  functions,    can  be  obtained  in  closed  form.     At  times  the  models  are 
not  explicit  in  any  variable,    and  occasionally  a  single  equation  does  not  exist  at  all,    instead  a 
computer  program  is   substituted  for  the  equation  of  state.      In  this  last  case  the  PVT  surface 
is  often  broken  into  regions  with  a  different  formulation  in  each  region. 

Hydrogen 

The  PVT  surface  presented  by  Roder,    et  al.    L29210]  covers  both  gaseous   and  liquid 
regions  from  the  triple  point  to  the  critical  point.      The  surface  is  described  by  a  collection  of 
equations  each  representing  an  isotherm  or  an  isochore  with  interpolation  for  intermediate 
points.      The  formulation  is  not  easy  to  use  but  is   recommended  as  the  best  surface  available. 

A  virial  representation  of  the  gaseous  PVT  surface  of  hydrogen  by  Mullins,    et  al.  1 12596] 
extends  the  equation  of  state  to  lower  temperatures.     Mullins,    et  al.    L 1 2 5 9 6 J  are  reasonably 
consistent  with  Roder,    et  al.    [29210]  in  the  region  of  overlap.      Discontinuities  do,    however, 
occur  and  have  been  mentioned  in  section  2.2. 

Two  other  equations  of  state  are  mentioned  here  because  they  may  be  preferred  for 
particular  applications.     One  is  Goodwin's  equation  of  state  L63091]  which  gives  qualitatively 
correct  behavior  in  the  critical  region,    i.e.,    "scaling-law"  behavior.      The  other  is   an  early 
adaptation  of  the  Benedict-Webb-Rubin  equation  of  state  to  hydrogen  by  Roder  and 
Goodwin  [12540]  using   17  coefficients.      Analytical  equations  of  state  such  as  the  BWR  cannot 
have  "correct"  behavior  in  the  critical  region.      They  are,    however,    much  easier  to  use. 
Roder  and  Goodwin  [l2540]  present  two  sets  of  coefficients,    one  to  be  used  for  the  gas,    and 
one  for  the  liquid.      They  estimate  a  maximum  error  in  density  of  0.  35%  except  in  the  critical 
region.      Both  of  these  equations   are  valid  for  the  PVT  surface  between  the  triple  point 
temperature  and  the  critical  point  temperature. 

An  extension  of  the  liquid  parahydrogen  data  to  higher  pressures  was  performed  by 
McCarty  and  Weber  [80777].      The  authors  do  not  give  an  explicit  equation,   however,    the  PVT 
surface  is  represented  through  a  computer  program  in  various  regions.      The  extrapolation  to 
higher  pressures  by  Malyshenko  [81975]  is  based  on  the  Tait  equation  for  which  the  author 
gives  values  of  the  coefficients. 

A  review  of  the  properties  of  solid  hydrogen,    including  the   so-called  "metallic 
hydrogen"  is  given  by  Douglas   and  Beckett  [41169].     Numerous  equations  of  state  are 
presented,    most  of  which  are  based  on  the  intermolecular  potential.     Another  good  review  of 

the  properties  of  solid  hydrogen  is  given  by  Stewart  [31446],    while  Ahlers  [21136]  calculates 
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some  of  the  derived  properties  such  as  compressibility  from  the  Griineisen  equation.     The 
equation  proposed  by-  Burshtein  and  Rabinovich  [79779]  while  "anchored"  with  experimental 
densities  along  the  solid  melting  line  is  not  satisfactory  because  it  does  not  yield  the  proper 
densities  of  the  solid  under  its  own  vapor  pressure.     Therefore,   a  unique  equation  of  state 
frxim  which  one  could  calculate  the  PVT  properties  at  an  arbitrary  point  in  the  solid  does  not 
exist. 

Deuterium 

The  recommended  source  for  PVT  data  of  normal  deuterium  is  the  paper  by 
Prydz  [4378l].     The  PVT  surface  is  represented  by  Prydz  with  a  BWR  type  equation  of  state, 
in  this  instance  using  28  coefficients.     As  with  most  BWR  equations,  a  program  is  available 
and  is  fairly  easy  to  use.     The  PVT  surface  presented  by  Prydz  covers  both  the  gaseous  and 
liquid  regions  from  the  triple  point  to  the  critical  point  with  pressures  to  about  100  atmo- 
spheres in  the  liquid  region.     Deviation  plots  show  a  maximum  deviation  of  ±  0.4%  in  density 
between  calculated  and  experimental  values. 

Other  Isotopes 

No  practical  equations  of  state  for  the  other  isotopes  were  found  in  the  literature. 
Some  second  virial  coefficients  have  been  published,    and  some  theoretical  work  has  been 
done.     The  theoretical  results  are  of  a  qualitative  nature,    see  for  example  Oppenheim  and 
Friedman  [23817]  and  Henderson  [l3537]. 

Discussion 

From  the  lack  of  references  for  the  equation  of  state  of  isotopes  other  than    Hg    and 
D3  ,  it  is  evident  that  a  lot  of  work  needs  yet  to  be  done.     However,    until  experimental  PVT 
data  become  available,    empirical  equations  of  state  such  as  we  have  recommended  for    Hg 
and    D3     will  not  be  possible.     Theoretical  predictive  methods  are  limited  in  scope. 
Application  of  the  theory  of  corresponding  states  to  the  existing  equations  of  state  for 
hydrogen,    while  possible,   have  not  been  satisfactory  for  the  combination 
hydrogen -deuterium. 

2.4    Ideal  Gas  Properties 

The  thermodynamic  functions  for  the  ideal  gas  are  the  starting  point  in  the  calculation 
of  the  thermodynamic  properties  of  the  hydrogens.     The  most  complete  tabulations  are  given 
by  Haar,    et  al.    [ll27l].     Note,   however,   that  these  tables  do  not  include  nuclear  spin.     In 
other  words  numerical  differences  exist  in  the  values  of  entropy  and  free  energy  between 
these  tables  and  earlier  sources  such  as  Woolley,    et  al.    [6368]  who  include  nuclear  spin.     Use 
of  these  tables  implies  that  the  reference  state  is  the  ideal  gas  at  0  K,   with  the  energy    Eo 
taken  to  be  zero,    while  the  entropies  are  tabulated  for  an  assumed  pressure  of  1   atm.     To 
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give  a  feel  for  the  differences  between  isotopes, the  dimensionless  ideal  gas  enthalpies 
(Ho  -E0°)/RT  are  compared  in  table  2-12  at  10  and  30  K. 

Table  2-12.     Comparison  of  Dimensionless  Ideal  Gas 

Enthalpies,    (H0-E0°)/RT 

Temperature,   K 
Species  10  30 

n-Hs  15.28  6.76 

e-H2  2.500  2.669 

p-rL,  2.500  2.500 

n-D2  5.365  3.460 

e-D2  2.502  2.732 

o-D2  2.500  2.508 

n-T3  6.819  3.963 

e-T2  2.658  3.624 

p-T2  2.500  2.589 

HD 

HT  not  tabulated  below  50  K 

DT 

An  older   source  for  the  ideal  gas  thermodynamic  functions  of    T2     and    HT  needs  to  be 

mentioned  here  because  it  contains  values  below  50  K,   and  includes  graphs  on  ortho-para 

distribution  as  well  as  graphs  of  the  rotational  heat  capacity  at  constant  volume.     Be  it  noted, 

however,   that  the  calculations  of  Jones  [18037]  deviate  by  about  3%  in    C  °     at  50  K  for     T2 

from  those  of  Haar,    et  al.    [11271],   and  by  about  1%  in     C°     at  50  K  for     HT. 

P 


2.5     Compressibility 

Tables  of  compressibility  have  been  published  only  for  hydrogen.     These  include  the 
measurements  by  Udovidchenko  and  Manzhelii  [68779]  on  solid  parahydrogen  which  are  repro- 
duced in  table  2-13.     The  measurements  on  normal  hydrogen  by  Stewart  [11238]  and 
Megaw  [487]  have  already  been  mentioned  with  values  given  in  table  2-6.     For  liquid  or 
gaseous  parahydrogen  the   isothermal  compressibility  can  be  formed  from  the  proper  com- 
bination of  isotherm  derivative  and  volume,    see  for  example  table  2-2.     The  isothermal  bulk 
modulus  is  given  directly  for  parahydrogen  in  the  tables  prepared  by  McCarty  and 
Weber  [80777]. 
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Table  2-13.     Isothermal  Compressibility  of  Solid 
Parahydrogen  x~  X  10B,    cm    /kg 


P.  kg  errr^ 

14.5 

13.5 

12.0 

10.0;  8.0;  6.0 

0 

59.8" 

57.1° 

53.7" 

20 

54.4  ±  1.4 

52.3  +  1.3 

49.4  +  1,6 

40 

53. ! 

49.9 

48.2 

45.8 

60 

4S.S 

46.2 

44.7 

42.8 

SO 

45.0 

42.9 

41.8 

40.2 

100 

41.8 

40.2 

39.3 

38.0 

120 

39. 1 

37.9 

37.2 

36.2 

140 

36.7 

36.0 

35.4 

34.8 

ISO 

33.0  ±  0.7 

32.9  +  0.7 

32.5  ±  0.8 

32.3  +  1.2 

200 

31.2" 

"Obtained  b\  extrapolation. 

with  permission  from  B.  G.   Udovidche-u...- ,    et  al.  .    J.    Low  j.emp.   Phys.  _3,  429  (Oct.    1970). 

2.6    Virial  Coefficients 

The  virial  coefficients  at  low  temperatures  have  been  measured  by  Varekamp  and 
Beenakker  [12725]  for  normal  hydrogen,  HD  and  normal  deuterium.     The  authors  experi- 
mental results  are  reproduced  in  figure  2-3.     At  temperatures  higher  than  20  K  the  virial 
coefficients  for  parahydrogen,  normal  hydrogen,   and  normal  deuterium  are  collected  from 
various  sources  in  table  2-14. 

3.     Derived  Thermodynamic  Properties 

3.1     Enthalpy,   Entropy,   and  Internal  Energy 

Extended  tables  of  derived  thermodynamic  properties  for  the  hydrogens  are  rare  and 
appear  to  be  limited  to  liquid  or  gaseous  states.     Consistent  tables  for  at  least  a  part  of  the- 
phase  diagram  exist  only  for  parahydrogen,    normal  hydrogen,   and  normal  deuterium.     A 
number  of  theoretical  papers  touch  upon  entropy,    internal  energy,   or  free  energy.     However, 
actual  values  are  seldom  presented,   and  if  presented  only  a  limited  set  of  conditions  is 
considered.     Henderson  [13537],  for  example,   calculates  several  values  of  entropy  for  liquid 
states  of  HD  and  ortho  deuterium  which  are  the  only  values  for  these  isomers  found  during 
this  survey. 

Parahydrogen 

The  coverage  of  parahydrogen  is  the  most  complete  of  all  isomers.     It  is  the  only 
isomer  for  which  values   in  the  solid  state  can  be  obtained  primarily  because  the  specific 
heats  were  measured  by  Ahlers  [21136].     Enthalpy  estimates  for  the  solid  are  presented  in 
tables  3-1,   3-2,  and  3-3.     The  tables  were  assembled  from  the  reports  of  Dwyer  and 
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Figure  2-3.     Experimental  Virial  Coefficients  for  the  Pure  Isotopes 
Cook  [28604,   34352,   25302].     Molar  volumes  and  specific  heats  are   included  to  round  out  the 
tables.     Values  for  enthalpy  and  entropy  of  the  solid  in  equilibrium  with  the  vapor  have 
already  been  introduced   in  table  2-3.     Note,   however,    that  the  enthalpy  bases  differ.     Tables 
for  liquid  and  gas  are  even  more  complete,    they  include  enthalpy,    entropy,    internal  energy, 
and  several  PVT  derivatives  as   shown  in  sample  table  2-2.      The  equivalent  tables   (except 
for  units)  by  McCarty  and  Weber  [80777]   include  several  additional  derived  properties   such 
as  specific  heat  input,    the  energy  derivative,    the  isothermal  bulk  modulus,   and  volume 

expansivity. 

21 


on      cm       —• 


s    £ 


—   u 


■S     E 


r^ 

og 

o 

r~ 

M 

LO 

o 

LD 

o 

sD 

o 

o 

00 

rM 

> — i 

■ — i 

o 

00 

in 

r-H 

N 

■* 

m 

sD 

vO 

O 

vD 

in 

in 

ID 

i-i       t-i       M 


22 


Table  3-1.        Parahydrogen  Properties  -   Saturated  Solid 


Temperature 

Pressure 

Volume  ' 

C 

s 

est.    C 
P 
mJ/mol-K 

Enthalpy 

K 

mm 

Hg 

cm3  /mol 

mJ/mol-K 

J/mol 

0.00 

22.645 

0.0 

0.00 

-758.0 

1.00 

8.3 

X 

10" 

39 

22.645 

1.03 

1.03 

-758.0 

2.00 

4.0 

X 

10" 

is 

22.645 

8.57 

8.57 

-758.0 

3.00 

4.8 

X 

10" 

n 

22.646 

30.7 

30.7 

-758.0 

4.00 

2.  1 

X 

10" 

7 

22.650 

78.7 

78.7 

-757.9 

5.00 

3.6 

X 

10" 

5 

22.660 

168.5 

168.5 

-758.8 

6.00 

1.2 

X 

10" 

3 

22.678 

318.8 

318.8 

-757.6 

7.00 

1.6 

X 

10" 

2 

22.711 

551 

551 

-757.2 

8.00 

1.  1 

X 

10" 

1 

22. 754 

882 

882 

-756.4 

9.00 

5.3 

X 

10" 

1 

22.809 

1333 

1333 

-755.3 

10.00 

1.97 

22.873 

1917 

1917 

-753. 7 

11.00 

5.68 

22. 947 

2651 

2652 

-751.5 

12.00 

14.0 

23.031 

3548 

3550 

-748.4 

13.00 

30.4 

23. 125 

4618 

4622 

-744.3 

13.803 

52.8 

23.211 

5640 

5646 

-740.2 

This  column  from  Ahlers  [21136]. 

This  column  changed  by  -0.  9  J/mol  to  bring  it  into  agreement  with  Roder,    et  al.    [29210]. 

Normal  Hydrogen 

The  very  convenient  tables  prepared  by  Dean  [6560]  include  enthalpy,  entropy,  and 
internal  energy.  The  tables  are  based  on  the  correlation  of  Woolley,  et  al.  [6368]  and  are 
limited  to  conditions  of  the  vapor  below  saturation  pressures. 

Normal  Deuterium 

The  tables  presented  by  Prydz  [43781]   include  enthalpy,    entropy,   and  internal  energy 
for  both  liquid  and  vapor.     The  tables  are  based  on  an  equation  of  state,   the  coefficients  of 
which  are  derived  by  considering  all  available  PVT  data  as  input,    see  table  2-7. 

3.2     Thermodynamic  Diagrams 

Thermodynamic  diagrams  or  Mollier  charts  are  used  by  the  engineer  in  many 
applications  because  these  charts   summarize  in  one  place  the  phase  diagram,    the  PVT 
surface,   and  some  of  the  derived  thermodynamic  properties.     A  temperature- entropy  chart, 
for  example,   contains  the  phase  boundaries,   lines  of  constant  pressure,   volume,    enthalpy, 
and  quality.     Table  3-4  shows  the  charts  available,    most  of  them  for  parahydrogen,   while  the 
most  appropriate  one  of  the  triple  point  region  is  reproduced  in  figure   3-1. 
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Figure  3-1.     Parahydrogen,    x  emperature-Entropy  Diagram 
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Table  3-4.     Sources  of  Thermodynamic  Diagrams 

Authors  Citation  Modification  Type 

Woolley,    et  al.  [    6368]  normal  hydrogen  T-S 

Roder  and  Goodwin  [12540]  parahydrogen  T-S,  and  H-S 

Roder,    et al.  [29210]  parahydrogen  T-S,  and  H-S 

McCarty  and  Roder  [4961 9][40029]  parahydrogen  T-S,  large,    for   saturated  liquid 

Mullins,    et  al.  [12596]  parahydrogen  T-S,  low  temperatures 

Sindt  and  Mann  [38237]  parahydrogen  T-S,  triple  point  region 

Prydz  [43781]  normal  deuterium  T-S,  PV/RT  vs  P 

3.3     Joule-Thomson  Data 

Experiments  on  the  Joule-Thomson  effect  are  seldom  conducted  at  low  temperatures 
in  spite  of  the  tremendous  importance  in  refrigeration  processes.      Since  we  limit  the  tem- 
perature to  values  below  critical,  only  a   small  portion  of  the  Joule- Thomson  inversion  curve 
is  of  interest  here.     This  is  the  part  of  the  curve  lying  entirely  in  the  liquid  state  and 
intersecting  the  vapor  pressure  curve  a  few  degrees  below  critical  on  the  vapor  side.     Tables 
or  graphs  of  calculated  values  are  given  by  Woolley,    et  al.    [6368]  for  normal  hydrogen,    by 
Roder,    et  al.    [29210]  for  parahydrogen,   and  by  Prydz  [43781]  for  normal  deuterium. 

3.4     Velocity  of  Sound 

Solid 

The  velocity  of  sound  has  been  measured  by  a  number  of  authors  for  both  hydrogen 
and  deuterium.      Bezuglyi  and  Minyafaev  measured  the  longitudinal  and  transverse  velocity  of 
sound  in  polycry stalline  normal  hydrogen  [47659]  and  in  polycry stalline  normal 
deuterium  [51024].      Bezuglyi,    et  al.    [78548]  made  similar  measurements  on  parahydrogen. 
Their  results  are  reproduced  in  table  3-5.     The  transverse  velocities  agree  very  well  with 
later  measurements  on  single  crystal  hydrogen  and  deuterium  made  by  Wanner  and 
Meyer  [81564].     The  longitudinal  velocities,  however,   differ  by  about  10%. 
Liquid 

The  most  comprehensive  measurements  on  liquid  hydrogen  have  been  made  by 
Younglove  [32387],     Figure  3-2  is  taken  from  this  reference  to  illustrate  the  slight  difference 
in  velocity  of  sound  between  saturated  liquid  normal  and  parahydrogen.     The  agreement 
between  velocities  of  sound  calculated  from  the  PVT   surface  by  Roder,    et  al.    [29210]  or 
McCarty  and  Weber  [80777]  and  illustrated  in  table  2-2  is  about  2%  along  the  saturation 
boundaries  and  approximately  0.3%  in  the  single  phase  liquid  or  vapor  regions. 
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Table  3-5.     Sound  Velocity  in  Solid        Hydrogen  and  n-Deuterium 


T,   K 


V 


cm3/mol        m/s 


6      X  1010 


'adiabatic' 


101 


t  "s  "  T 

m/s         cm3/dyn         Poisson's  ratio        cm2/dyn 


isothermal 
Poisson's  ratio 


n-hydrog  en 


4.2  22.64  2190        1160  3.8 

11.49  23.08  2110        1080  3.9 

13.96  23.24  2060        1030  4.1 


0.30 
0.32 
0.33 


4.4 
4.6 
5.  1 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 


p-hydrogen 


/cm3 

0. 

0892 

2110* 

1140 

0. 

0892 

2110* 

1140 

0. 

0892 

2110 

1140 

0. 

0891 

2105 

1140 

0. 

0890 

2100 

1140 

0. 

0889 

2095 

1140 

0. 

0888 

2090 

1135 

0 

0887 

2085 

1130 

0 

0885 

2075 

1125 

0. 

0883 

2065 

1120 

0 

0880 

2050 

1115 

0 
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Gas 


Measurements  on  liquid  and  gaseous  deuterium  have  been  made  by  Bezuglyi 
Minyafaev  [51024],  by  Giisewell,  et  al.  [64932],  by  van  Itterbeek  and  van  Paemal  [1 
by  van  Itterbeek  and  Vandoninck  [5709].      The  results  are  collected  together   in  table 

Table  3-6.     Velocity  of  Sound  of  Normal  Deuterium,    Liquid  and  Gas 


and 
860],   and 

3-6. 


liquid  at 

saturation 

gas  [5709] 

T,   K 

velocity 

m/s 

T,   K 

P,   atm 

velocity  m/s 

19 

1070 

[51024] 

20 

1060 

25 

934.4 

[64932] 

18.90 

255.3 

26 

907.2 

-  19.55 

259.6 

27 

877.4 

20.36 

0.295 

262.35    | 

28 

846.0 

20.36 

0.  125 

263.52   J 

[1860] 

29 

813.2 

20.38 

265.2 

30 

777.9 

20.  98 

268.9 

31 

740.  1 

29.80 

261.4 

29 


4.     Specific  Heat 

Some  fairly  extensive  experimental  work  has  been  done  on  the  heat  capacity  of 
hydrogen  and  deuterium.     For  the  other  hydrogens  the  information  available  is  more  limited. 
For  the  isotopes  having  ortho-para  isomers  a  large  dependence  of  specific  heat  on  com- 
position is  found  for  the  solid,   but  not  for  the  liquid.     We  distinguish  between  heat  capacity  at 

saturation  (C    ),   heat  capacity  at  constant  pressure  (C    )  and  heat  capacity  at  constant 
s  p 

volume  (C    ). 
v 

The  general  features  of  the  property  for  hydrogen  are  as  follows:     Below  =■  14  K  the 

heat  capacity  (C    )  of  the  solid  shows  a  broad  anomaly  for  compositions  between  para  and 
s 

normal;  with  increasing  ortho  concentration  in  this  temperature  range  the  heat  capacity 
increases;  for  ortho  concentrations  larger  than  60%,   a     X     transition  exists  at  low  temper- 
atures ~  1.3  to  4.  2  K.     The  values  of    C       are  commonly  taken  to  be  the  same  as     C    ;  the 

s  p 

values  of    C       are  lower  than    C       at  all  temperatures  but  the  difference  is  negligible  below 
v  s 

5  K;  a  significant  difference  exists  between    C       of  the  solid  and  the  liquid;   similarly  a  large 

difference  exists  between  the    C       and  the    C       of  the  liquid. 

s  v 

4.  1     Hydrogen 

Solid 

A  composite  picture  for  the  heat  capacity  of  the  solid  (C    )   is  shown  in  figure  4-1. 

Values  for  parahydrogen  are  given  in  table  3-  1 ;  they  were  taken  from  Ahlers  [21 136] .     Values 

for  other  ortho-para  compositions  are  from  the  paper  by  Hill  and  Ricketson  [6354].     Not 

shown  in  any  detail  is  the  X- transition  near  2  K,    the  best  description  of  which  is  given  by 

Ahlers  and  Orttung  [21806],     Ahlers  [21136]  also  measured  the  specific  heat    C       for  three 

molar  volumes  of  parahydrogen  in  compressed  solid  states.      The  values  have  been  shown  in 

table     3-3;    they  were  converted  to  estimated  values  of    C       by  Dwyer  and  Cook  [28604],   and 

P 
are  presented  in  figure  4-2.     More  recent  measurements  by  Roberts  and  Daunt  [75211]  are  in 

very  good  agreement  with  those  of  Ahlers  [21136]. 

Liquid 

Values  for  the    C    ,     C    ,     and    C       of  liquid  parahydrogen  are  shown  in  figure  4-3. 

Values  for  the  graph  have  been  taken  from  the  thermodynamic  tables  of  Roder,    et  al.    [29210, 

see  table  2-2]  which  in  turn  are  based  on  the  measurements  of    C       and     C       by  Younslove 

v  s 

and  Diller  [14129,    13696].     Equivalent  tables  of  values  for  saturated  liquid  and  compressed 

liquid  states  are  given  by  McCarty  and  Weber  [80777]   in  a  different  set  of  units.     Additional 

experimental  measurements  at  pressures  greater  than  340  atm  have  been  published  by 

Orlova,    et  al.    [50155],     As  mentioned  above,    the  differences   in  specific  heats  for  different 

ortho-para  compositions  in  the  liquid  state  are  very  small. 
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Figure  4-3.     The  Heat  Capacities  C    ,    C    ,   and  C     for  Liquid  Parahydrogen 

p        v  s 
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Gas 

Calculated  values  for  the  heat  capacities  of  the  gas  follow  from  essentially  the  same 
sources  as  for  the  liquid  above.     Differences  in  specific  heats  between  parahydrogen  and 
other  ortho-para  compositions  exist  for  the  gas   states.     They  are,   however,   not  noticeable, 
that  is  less  than  1%,  for  temperatures  below  40  K.     Specific  heat  differences  if  required  are 
best  obtained  from  the  tabulations  of  the  ideal  gas  thermodynamic  functions  [11271]. 

4.  2     Deuterium 

Solid 

A  composite  picture  for  the  heat  capacity  of  solid  deuterium  (C    )  is  given  in  figure 

4-4.     The  sources  of  data  are  Clusius  and  Bartholome  [5595],   Kerr,    et  al.    [645],   Gonzalez, 

et  al.    [8370],   Hill  and  Lounasmaa  [6416],   and  Grenier  and  White  [22677].     Details  of  the 

\-transition  are  given  by  Grenier  and  White  [22677].     Calculated  values  of    C       of  the  solid 

and  liquid  are  given  in  figure  4-5,   while  values  of    C       for  liquid  deuterium  are  given  in 

figure  4-6.     A  good  source  of  data  for     C       of  the  liquid  is  the  paper  by  Brouwer, 

s 

et  al.   [69648],   while  values  of    C       for  the  liquid  are  gleaned  from  the  paper  of  Bartholome 
and  Eucken  [5119]. 

4.3     Other  Isotopes 

Tritium 

For  liquid  tritium  one  can  estimate  values  of    C       from  the  theoretical  cell  model 

v 

calculation  of  Henderson  [21016].     For  example,    the  value  of    C       at  29.6  K  and  38 

mol/1,    i.e.,  at  saturation  conditions,    is  15.4  J/mol-K.     Values  for  the  ideal  gas  states 

have  already  been  introduced.     The  source  of  tables  and  graphs  is  Jones  [18037].     As  noted 

previously  there  is  a  3%  difference  in    C       between  this  source  and  the  more  recent 

P 
calculations  by  Haar,    et  al.   [11271]. 

HP 

Values  for  solid  HD  have  been  measured  by  Grenier  and  White  [22899].     They  are 

reproduced  in  table  4-1.     White  and  Gaines  [29861]  measured  values  for  mixtures  of  hydrogen 

and  deuterium  and  found  that  the  results  could  be  represented  by  a  linear  combination  of  the 

pure  components,   thus  the  solid  solutions  are  nearly  ideal.     The  heat  capacity  of  the  liquid 

varied  linearly  from  4.48  cal/mol-K  (18.  7  J/mol-K)  at  the  triple  point  (16.604  K)  to  6.29 

cal/mol-K  (26.3  J/mol-K)  at  22  K  [Brickwedde  and  Scott,    27091].     Additional  values  of    C 

s 

or     C       could  be  established  from  the  cell  model  calculation  of  Henderson  [13537  or  21016], 
v 

who  obtains  6.255  cal/mol-K  at  22  K.     Heat  capacities  for  the  ideal  gas  are  given  by  Haar, 
et  al.   [11271]  for  temperatures  above  50  K. 
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Table  4-1.     Heat  Capacity  of  Solid  HD 

Heat  capacity  of  solid  H  I).  0.06751  moles  in  calorimeter. 
98.58  mo!e%  HI);  1.15%  H8;  0.27%  D.. 

c  C. 


T 

ar 

(cal  mole  ' 

T 

ar    x 

(cal  mole  ' 

(°K) 

(deg) 

cleg"') 

(°K) 

((leg) 

deg"') 

2.524 

0.0380 

0.0184 

6.469 

0.6463 

0.117 

2.601 

0.0918 

0.0128 

7.014 

1.1292 

0.156 

2.897 

0.0732 

0.0183 

7.714 

0.9080 

0.216 

3.186 

0.3192 

0.0252 

8.274 

1.0461 

0.282 

3.317 

0.1414 

0.0269 

8.904 

1.0014 

0.367 

3.585 

0.8249 

0.0240 

9.857 

1.0367 

0.510 

3.812 

0.6505 

0.0335 

10.815 

1.1748 

0.672 

1.050 

0.6325 

0.0183 

11.888 

1.2102 

0.889 

1.009 

0.6525 

0.0543 

12.935 

1.2611 

1.093 

5.562 

0.3815 

0.0762 

14.132 

1.4337 

1.369 

6.038 

0.5347 

0.0937 

15.381 

1.4682 

1.679 

with  permission  from  G.   Gren  ier,   D.    White,   J.    Chem.    Phys.   40,   3451   (Jun.    1964). 
HT 

The  only  values  found  in  this  search  are  those  for  the  ideal  gas  calculated  by 

Jones  [18037].     The  diff    .ence  between  this  source  and  the  calculations  of  Haar,   et  al.    [11271] 

is  1%  in    C       at  50  K.     Since  the  mass  of  HT  is  approximately  the  same  as  that  of    Ds  ,  the 

P 
properties  of  HT  are  often  taken  to  be  the  same  as  those  of    D2  .     Henderson  tabulates  cell 

model  calculations  for  HT  [21016],   thus  one  could  calculate  estimates  of    C      for  the  liquid 

states  provided  that  one  could  obtain  reasonable  estimates   for    the   appropriate   values    of 

liquid   density. 

DT 

Henderson  [21016]  tabulates  cell  model  calculations  for     C       of  DT.     Thus  in  principle 
one  could  calculate  estimates  for     C       in  the  liquid  states  provided  that  one  could  obtain 
reasonable  estimates  for  appropriate  values  of  the  liquid  density.     Ideal  gas  thermodynamic 
values  are  tabulated  for    DT  only  at  temperatures  above  50  K  [Haar,    et  al.  ,    11271]. 

5.     Transport  Properties 
5.  1     Surface  Tension 

Surface  tension  data  for  hydrogen  [43099,    25058,   23183,    27064]  prior  to  1965  are 
limited  to  temperatures  below  the  normal  boiling  point;  the  sets  disagree  by  about  10%. 
Corruccini  [30250]  has  shown  that  the  different  sources  can  be  made  to  agree  by  applying  the 
capillary  corrections  in  a  consistent  manner  to  the  older  data  [43099,   25058],     For  temper- 
atures higher  than  about  21  K  only  the  measurements  by  Blagoi  and  Pashkov  [33765]  on  normal 
hydrogen  are  available.     Comparison  of  these  measurements  with  the  equations  proposed  by 
Corruccini  shows  that  extrapolation  of  the  equations  to  temperatures  above  about  22  K  leads  to 
sizeable  differences  at  the  higher  temperatures.     Blagoi  and  Pashkov  suggest  that  no  single 
simple  empirical  equation  can  represent  the  temperature  dependence  of  the  surface  tension 
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from  triple  point  to  critical  point.     Apparently  neither  a  linear   equation,    nor  a  van  der  Waals 
equation  with     n  =   11/9,    nor  inclusion  of  the  quantum  parameter   (see  for  example  [44771]) 
yields  an  acceptable  representation  of  the  data. 

Values  of  the  surface  tension  in  table  5-1  for  normal  and  parahydrogen  up  to  the 
normal  boiling  point  were  taken  from  Corruccini.     Values  for  n-Hs   at  temperatures  above 
21  K  were  taken  from  Blagoi  and  Pashkov  [33765].     Values  for  HD  are  taken  from 
Grigor'ev  [22219],   values  for  D2   from  Grigor'ev  and  Rudenko  [23183].     In  addition  to  the 
values  presented  here,   values  for  H2-D3    mixtures  are  found  in  the  paper  by  Grigor'ev  and 
Rudenko  while  a  better  choice  of  quantum  mechanical  mixing  parameter  for  this  paper  is 
discussed  by  Bellemans  and  Fuks  [34228]. 

Contact  Angle 

The  liquid  vapor  contact  angle  is  less  than  1'   30"  according  to  Blagoi  and 
Pashkov  [33765]. 

5.2     Thermal  Conductivity 

Solid 

The  thermal  conductivity  of  the  solid  hydrogens,    similar  to  the  heat  capacity,    is 
highly  dependent  on  ortho-para  composition.     It  also  depends  on  crystal  quality,   and  should 
depend  on  density  for  the  compressed  solid  states.     However,   most  of  the  measurements 
made  were  done  at  or  near   saturation  pressure.      Experimental  measurements  on  hydrogen 
and  deuterium  have  been  conducted  by  Hill  and  Schneidmesser  [8384,    9988],   Dwyer, 
et  al.   [38751],   Bohn  and  Mate  [68582],   and  Daney  [73126].     The  experimental  results  for  the 
solids  are  plotted  in  figure  5-1. 

Thermal  conductivity  of  solids  is  usually  analyzed  in  terms  of  the  thermal  resistance 
W  =  1/k.     The  intrinsic  resistance,     W.,     that  is  phonon-phonon  scattering,   follows  a    T 
dependence  for  nonmetals  where    n    ranges  from  1  to  3 .     For  parahydrogen,    the  value  of    n 
is  between  3  and  4  if  estimated  from  the  results  of  Hill  and  Schneidmesser  for  temperatures 
between  4  and  11  K.     The  results  of  Dwyer,   et  al.   [38751]  are  in  apparent  disagreement  with 
this  temperature  dependence;  they  are  too  low  in    W     (too  high  in  k).     The  disagreement 
probably  occurs  because  the  measurements  were  taken  along  the  melting  curve  at  elevated 
pressures,   i.  e.  ,    the  densities  are  higher  than  those  prevailing  at  the  triple  point.     We  recall 
that  for   solid  helium,    thermal  conductivity  is  highly  dependent  on  density  [Webb  and 
Wilks,   580]. 

For  deuterium,   we  note  the  comment  of  Hill  and  Schneidmesser  that  the  conductivity 
curve  for  normal  deuterium  (33%  para)  was  very  similar  to  the  corresponding  curve  of 
hydrogen  (33%  ortho).     We  add  an  estimated  curve  for  normal  deuterium  "anchored"  by  the 
point  published  by  Hill  and  Schneidmesser  [8384]  and  by  Daney' s  [73126]  values  near  the  triple 
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Figure  5-1.     Thermal  Conductivity  of  the  Solid  Hydrogens 
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point.     We  have  also  added  a   second  estimated  curve  for  orthodeuter ium,    i.  e.  ,    20.4  K 
equilibrium  deuterium  with  about  2%  para,   by  assuming  that  this  curve  will  be  similar  to  a 
hypothetical  2%  ortho  curve  for  hydrogen.     We  note  that  the  hydrogen  results  of  Hill  and 
Schneidmesser   (1%  ortho)  and  those  of  Bohn  and  Mate  (1.  1%  ortho)  differ  by  almost  an  order 
of  magnitude.     This  uncertainty  should  decrease  to  about  3%  as  the  temperature  approaches 
the  triple  point. 

Liquid 

The  thermal  conductivity  of  the  liquid  depends  on  temperature  and  is  particularly 

sensitive  to  density.     Its  behavior  is  related  to  that  of    C       and     C    .     For  temperatures  up  to 
'  v  p 

the  various  critical  points  the  thermal  conductivity  shows  very  little  dependence  on 
ortho- para  composition.     Experimental  values  have  been  measured  for  hydrogen  and 
deuterium  by  Powers,   et  al.   [5528,   756],   Dwyer,    et  al.   [38751]  and  Roder  and  Diller  [65729] . 
A  corresponding  states  estimate  was  made  by  Kerrisk,    et  al.   [17393].     We  reject  the  results 
of  Dwyer,    et  al.   because  they  differ  from  the  others  by  a  factor  of  nearly  3.     If  we  compare 
the  Powers,   et  al.    [5528]  results  on  hydrogen  with  those  of  Roder  and  Diller  [65729],   the 
temperature  dependence  is  similar;  the  values,   however,  differ  by  about  20%.     We  attribute 
the  difference  to  convection.      Calculation  of  the  Rayleigh  numbers  for  conditions  prevailing 
in  the  earlier  experiment  discloses  a  definite  contribution  from  convection.     Experimental 
conditions  in  the  recent  measurements  were  controlled  to  limit  the  contribution  from  con- 
vection to  less  than  1%.     Since  the  absolute  values  of  thermal  conductivity  of  saturated  liquid 
hydrogen  and  saturated  liquid  deuterium  from  the  same  laboratory  [5528,    756]  differ  by  only 
6%,   we  postulate  that  a  correction  for  convection  is  also  required  for  the  deuterium  results. 

The  correlation  of  Kerrisk,   et  al.   [17393]  is  based  in  part  on  the  results  of  Powers, 

et  al.       We  take  the  estimates  of  Kerrisk,    et  al.   for  the  saturated  liquid  boundaries  of     D2 

and    T2     and  subtract  0.266  mW/cm-K  from  all  values,   about  20%.     In  addition,   we  scale  the 

temperature  range  0.  93  T      -   T       to  reflect  the  rise  in  thermal  conductivity  shown  by  hydrogen 
c  c 

near  the  critical  point.     The  estimates  for  the  boundaries,    so  adjusted,   are  plotted  along  with 
the  one  for    H2     [Roder  and  Diller,   65729]   in  figure  5-2.     The  pressure  dependence  for  liquid 
parahydrogen  is  illustrated  in  table  5-2  prepared  by  Angerhofer  and  Hanley  [74127]  from  the 
paper  by  Roder  and  Diller  [65729].     Additional  tables  of  values  for  parahydrogen  in  a  different 
set  of  units  are  given  by  McCarty  and  Weber  [80777]. 

Values  for  the  thermal  conductivity  of  liquid  hydrogen  are  uncertain  by  about  3%,  the 
saturation  boundary  for  deuterium  could  be  in  error  by  as  much  as  25%,  while  the  saturation 
boundary  for  tritium  simply  represents  an  estimate. 
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Figure  5-2.     Thermal  Conductivity  of  the  Hydrogens,   Saturated  Liquid  and  Gas 
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Gas 

The  thermal  conductivity  of  the  gas  depends  primarily  on  temperature  and  on  density 
or  pressure.     For  temperatures  below  critical  the  dependence  on  ortho-para  composition  is 
very  slight  ~  0.  5%.     At  very  low  pressures,    in  the  range  of  "free  molecular  conduction",  the 
effective  thermal  conductivity  does  not  depend  on  the  gas  at  all  but  is  apparatus  dependent 
instead.     Figure  5-3  shows  the  drastic  change  between  ordinary  and  free  molecular 
conduction  for  hydrogen  [Ubbink,   693]. 

Major   sources  of  experimental  measurements  on  hydrogen  and  deuterium  are 
Ubbink  [693,    5825],   and  Roder  and  Diller  [65729].     Results  for  the  saturated  vapor  of 
hydrogen  are  plotted  in  figure  5-2  along  with  the  1  atm  isobar  to  illustrate  changes  in  thermal 
conductivity  with  density  or  pressure.     The  deuterium  results  plotted  in  figure  5-2  for 
Ubbink  [5825]  are  very  nearly  at  saturation  conditions.     Additional  values  for  parahydrogen 
are  given  in  the  tables  of  McCarty  and  Weber  [80777]. 


xioJcaL  craJ  sec"'  degJ 
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Figure  5-3.     Thermal  Conductivity  of  Hydrogen  at  Low  Pressures  with 

permission  from  J.  B.    Ubbink,   Physical^,   659  (Dec.    1947). 
Differences  in  ortho-para  composition  have  been  measured  by  Miiller,    et  al.   [68346] 
for  hydrogen,   and  by  Uebelhack,    et  al.    [77494]  for  deuterium.     The  results  are  given  below. 

For  ortho-para  mixtures  of  hydrogen  at  21  K  with    y  =  percent  ortho  hydrogen  and 

ratio  =     -  (\/\    -  1)  x  103, 
P 

y  0.15    0.22    0.27    0.31    0.50    0.50    0.50    0.50    0.75    0.75    0.75    0.75    0.92    0.92    0.96    1.00 

ratio  0.59    1.12    1.42    1.83    3.22    3.32    2.93    3.26    5.92    5.94    5.95    6.10    8.15    8.05    8.41    9.31 
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For  deuterium  the  results  of  the  measurements  over  the  whole  concentration  range  from  pure 
o-D2     to  pure    p-D2     are  represented  by 

\/\(y     =  0)  =  1  -  klY    -  Ky*     . 

P  c  r 

with    k,    =  2.17,   2.43,   2.97.10-3     and    kj    =  2.37,   2.27,   2.24-10-3     for    T  =  18.4,    19.6, 
21.0  K  respectively,   where    y       is  the  molar  fraction  of    p-Ds  . 

Values  of  the  thermal  conductivity  of  gaseous  hydrogen  are  uncertain  by  about  3%. 
The  uncertainty  for  deuterium  is  estimated  to  be  about  the  same,   because  the  two  sources 
for  hydrogen  agree  to  within  2%. 

5.3     Thermal  Diffusion 

Diffusion  is  a  mixture  phenomenon  and  as   such  enters  into  problems  of  isotope 
separation  in  a  very  practical  way.     It  is  perhaps  best  to  first  define  several  of  the  terms 
commonly  used.     The  diffusion  coefficient  is  defined  as  the  coefficient  relating  the  flux  of  a 
given  species   in  a  mixture  to  the  concentration  gradient  of  that  species  under   isothermal 
conditions.     For  a  two-component  mixture  of  species     i    and    j: 

J.     =     D. .  grad  c. 

where    J      is  the  matter  flux  of    i,     grad  c     the  gradient  of  concentration,   and    D       the 
*i  s  i  e  ij 

diffusion  coefficient.     Note  that  the  diffusion  coefficient  is  often  referred  to  as  the  mass 
diffusivity.     In  addition  to  the  diffusion  coefficient  an  artificial  quantity,    the  self-diffusion 
coefficient  is  often  discussed.     Self-diffusion  refers  to  the  diffusion  of  one  isotopic  form  into 
another.      If  the  system  under  consideration  is  subjected  to  a  temperature  gradient,    then  for 
a  binary  system  the  equation  above  has  to  be  extended  to  the  following 

T 
J.     =     -  D..  grad  c.  -  D..  grad  T 

T 
where     D  .     is  the  thermal  diffusion  coefficient, 
ij 

Experimentally  thermal  diffusion  measurements  are  most  often  made  on  gases  using 
a  two  bulb  technique.      Each  bulb  is  held  at  a  different  temperature.     Thermal  diffusion 
coefficients  are  then  presented  for   mean  values  of  temperature.     These  mean  temperatures 
are  almost  always  higher  than  critical  temperature,   and  therefore  outside  of  the  scope  of 
this  report.     We  restrict  ourselves  to  a  brief  description  of  a  few  of  the  most  pertinent 
papers. 

A  summary  of  experimental  results  completed  by  1966   is  given  by  Grew  and 
Humphreys  [40966]  who  note  that  discrepancies  between  different  laboratories  are  large. 
Calculations  of  thermal  diffusion  coefficients  from  intermolecular  potentials  have  been 
published  by  Diller  and  Mason  [35559]  and  by  Monchick,    et  al.    [54131]. 
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5.4    Thermal  Diffusivity 

Thermal  diffusivity  is  a  parameter  frequently  used   in  engineering  applications. 
Thermal  diffusivity  is  defined  as 

a    =    k/p  C 
P 

In  this  equation,     a     is  the  thermal  diffusivity,     k    the  thermal  conductivity,      p     the  density, 

and    C       the  heat  capacity  at  constant  pressure.     The  thermal  diffusivity  can  be  obtained 

P 
directly,   for  example,   from  a  light- scatter  ing  experiment.     Usually,   however,  values  are 

calculated  from  the  other  properties.     Sources  of  data  are  Daney  [73126]  and  Ludtke  and 

Roder  [78262]  for  deuterium.     For  parahydrogen  McCarty  and  Weber  [80777]  present 

extensive  tables  for  both  liquid  and  gaseous   states. 

Applicable  property  values  and  calculated  thermal  diffusivities  are  shown  for   solid 
and  liquid  ortho  and  normal  deuterium  in  table  5-3  which  is  taken  from  Ludtke  and  Roder. 
The  thermal  conductivity  of  solid  deuterium  is  "anchored"  with  Daney1  s  values.     Therefore, 
the  agreement  between  his  values  of  thermal  diffusivity  and  those  presented  in  table  5-3   is 
excellent.     The  uncertainty  in    a    near  the  triple  point  is  about  3%  as  obtained  from  the  errors 
in  the  other  variables.     Since  the  solid  thermal  conductivity  is  very  sensitive  to  para  content, 
the  value  of  thermal  diffusivity  of  ortho  deuterium  near  4  K  has  to  be  considered  uncertain 
by  one  order  of  magnitude.     Note  that  values  of  thermal  diffusivity  differ  by  several  orders 
of  magnitude  for  the  lower  temperatures  of  the  solid. 

5.  5    Viscosity 
Sources  of  data  for  various  hydrogens  are  discussed  in  more  detail  below.     A  com- 
posite of  all  saturated  liquid  curves   is  given  in  figure  5-4.     In  this  figure  p-Hs  ,   HD,   and  Ds 
are  based  on  experimental  measurements.     HT  and  Ts   are  based  on  a  corresponding  states 
calculation  which  as  its  base  used  experimental  values  for  Ds   which  we  now  believe  to  be  in 
error.      The  corresponding   states  calculation  ought  to  be  redone  because  better   input  data  are 
now  available.     In  addition,    the  correlation  should  be  done  in  terms  of  density  rather  than 
temperature. 

Hydrogen 

As  source  of  data  we  select  Diller  [27674],   who  measured  viscosity  of  p-H3   at  tem- 
peratures from  14  to  100  K  and  at  pressures  to  345  atm.     Extensive  tables  are  presented  in 
the  reference;  we  present  only  the  tables  of  saturated  liquid  p-H2   and  saturated  liquid  n-H3  . 
It  can  be  seen  that  the  viscosity  of  saturated  liquid  n-Hg    is  up  to  5%  higher  than  that  of  p-Ha 
at  the  same  temperature.     However,    there  is  virtually  no  difference  in  viscosity,    if  the 
comparison  is  made  at  the  same  densities. 
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Figure  5-4.     Viscosity  of  the  Hydrogens,   Saturated  Liquid 
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Table  5-4.     Viscosity  of  Saturated 
Liquid  Parahydrogen 


Table  5-5.     Viscosity  of  Saturated 
Liquid  Normal  Hydrogen 


T 
(°K) 


(g/cm3) 


-jX10« 

(g/cm-scc) 


T 
(°K) 


(g/cm1) 


>;X10» 

(g/cm -sec) 


14.000 

0.076S5 

250.7 

14.SO0 

0.07643 

234  1 

15.000 

0.07599 

221.3 

IS. 500 

0.07555 

207.3 

16.000 

0.07510 

197.5 

16.500 

0.07464 

185.6 

17.000 

0.07417 

177.7 

17.500 

0.07368 

168.5 

18.000 

0.07319 

160.5 

18.500 

0.07268 

153.8 

19.000 

0.07216 

147.0 

19.500 

0.07163 

141.3 

20.000 

0.07108 

135.4 

20.500 

0.07052 

130.6 

21.000 

0.06994 

125.3 

21.500 

0.06934 

120.6 

22.000 

0.06872 

116.1 

23.000 

0.06741 

108.1 

24.000 

0.06601 

100.8 

25.000 

0.06449 

93.5 

26.000 

0.06283 

87.2 

26.500 

0.06194 

84.1 

27.000 

0.06100 

81.0 

27.500 

0.06001 

78.1 

28.000 

0.05896 

75.2 

28.500 

0.05784 

72.4 

29.000 

0.0S664 

69.6 

29.500 

0.05534 

67.0 

30.000 

0.05393 

64.9 

30.500 

0.05236 

61.2 

31.000 

0.05058 

58.1 

31.500 

0.04852 

55.7 

32.000 

0.04599 

51.9 

32.500 

0.04248 

47.5 

32.700 

0.04041 

43.9 

14.000 

0.07717 

254.3 

15.000 

0.07631 

230.2 

16.000 

0.07542 

203.9 

17.000 

0.07449 

182.9 

18.000 

0.07350 

165.6 

19.000 

0.07246 

151.5 

20.000 

0.07136 

139.2 

21.000 

0.07020 

128.4 

22.000 

0.06896 

118.7 

23.000 

0.06763 

110.5 

24.000 

0.06621 

102.6 

25.000 

0.06468 

95.7 

26.000 

0.06302 

89.0 

with  permission  from  D.  E.    Diller,   J.    Chem. 
Phys.   42,   2089  (Mar.    1965). 


with  per  mission  from  D.  E.    Diller,   J.    Chem. 
Phys.   42,   2089  (Mar.    1965). 

Values  for  the  dilute  gas  viscosities  can  be  obtained  from  Diller  [27674];  extensive 
tables  calculated  from  the  equations  by  Diller  are  presented  by  McCarty  and  Weber  [80777] 
in  engineering  units.     Differences  in  viscosity  for  various  ortho-para  compositions  may 
approach  1%  for  the  dilute  gas;   an  extensive  set  of  measurements  is  given  by  Camani  [76374]. 

Deuterium 

Several  investigators  have  measured  the  viscosity  of  saturated  liquid  deuterium.      We 
believe  that  the  earliest  of  these  measurements,    those  by  van  Itterbeek  and  van  Paemel  [6274], 
are  in  error.     The  more  recent  data  of  Rudenko  and  Konareva  in  1963  [22496]  and  Konareva 
and  Rudenko  in  1967  [47292],    covering  the  range  from  18.8  to  36  K,   have  been  selected.     The 
selection  is  based  on  the  higher  precision  of  these  measurements,   and  on  the  excellent 
agreement  between  data  taken  by  these  authors  on  liquid  normal  hydrogen  with  the  data  of 
Diller  in  the  range  from  22  -   32  K.     No  ortho-para  composition  of  the  deuterium  is  given. 
The  selected  experimental  values  for  deuterium  are  given  in  table  5-6.     We  note  that  the 
difference  In  viscosity  at  the  triple  point  for  the  two  sources   is  large,   434  micropoises  for 
the  Russian  sources  vs  about  530  for  van  Itterbeek  and  Paemel. 
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Becker,   Misenta,   and  Stehl  [5137]   measured  the  difference  In  viscosity  between 
normal  and  various  concentrations  of  ortho  deuterium.     They  present  two  isotherms  of  16.6 
and  20.3  K  indicating  the  relative  difference  in  viscosity  as  a  function  of  ortho  concentrations 
from  66.67  to  98  percent.     Their  viscosity  data  is  presented  in  terms  of  relative  viscosity 
difference,     A  11/11  X   103,   defined  as 

r  (11)  x%oDP  -   (T|)  66.67%oDs-i       3 
L  (11)  66.67%oDa  J  ' 

The  results  are  listed  below: 

Temperature  Ortho  Composition 

(K)  78.1%  84.9%  88.4%  98.0% 

20.3  0.23  0.41  0.56 

16.6  0.41  0.62 

For  a  given  temperature,    the  measurements   show  that  ortho  D2  has  a  slightly  higher 
viscosity  than  n-D2  .     Here  we  remark  again  that  for  hydrogen  the  saturated  liquid 
viscosities  are  nearly   independent  of  ortho-para  composition  if  compared  at  the  same  density. 

HP 

The  first  reported  measurements  of  HD  viscosity  (gas)  were  by  Becker  and 

Misenta  [5132]      who  measured  viscosities  of  H2  ,   HD,   and  D2   from  just  above  their  triple 

points  to  90  K.     They  estimate  their  errors  to  range  from  0.  68%  at  14.  12  K,    increasing 

linearly  to  4.  12%  at  90  K.     Rietfield  and  van  Itterbeek  [3948]   measured     1)    for  mixtures  of 

gaseous  HD  and  D2  ,    ranging  in  concentration  from  0  to  100%  HD.     Above  20  K,    their 

reported  values  of    T|        /TL.     were  consistently  between  1.21  and  1.22   independent  of  temper- 
HD      H2 

ature.     Coremans,    et  al.    [8330]   measured    11    for  95  ±  2%  pure  HD  gas.     Konareva  and 
Rudenko  [47292]   measured     11    for  HD  at  10  temperatures  along  the  saturated  liquid  boundary 
augmenting  the  earlier  results  of  Rudenko  and  Konareva  [42002].     Selected  values  for  liquid 
and  gaseous  HD  are  given  in  table  5-6. 

Ta  ,   HD,   and  DT 

As  mentioned  in  the  introduction,    estimates  for  the  saturated  liquid  of  these  hydrogens 
were  taken  from  the  quantum  mechanical  corresponding  states  calculation  of  Rogers  and 
Brickwedde  [38388].     This  correlation  relies  heavily  on  the  viscosity  data  of  van  Itterbeek 
and  van  Paemel  [6274]  for  deuterium,   data  which  we  now  believe  to  be  in  error.     As  a  con- 
sequence the  values  presented  here  are  also  thought  to  be  in  error,    i.  e.  ,   a  new  correlation 
would  be  desirable. 
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Rogers  and  Brickwedde  reestimated  the  force  constants,     g/k    and    a,   and  the 
quantum  correction  parameter  A     for  T2    to  be  34.5  K,    Z.  949  land  1.029  respectively,   and 
recalculated  viscosities  for  liquid  tritium.     Values  are  given  in  table  5-6.     We  note  that  the 
entry  of  510  micropoises  for  24  K  must  be  a  printing  error,   according  to  the  graph  a  value 
of  about  470  is  much  more  consistent  with  the  other  values.     Comparison  with  an  earlier 
calculation,    i.  e.  ,   Kerrisk,   et  al.    [17393]   shows  a  large  difference  for    7]    at  the  triple  point, 
739  micropoises  vs  819  for  Rogers  and  Brickwedde. 

Values  for  the  liquid  viscosity  of  HT  are  also  taken  from  the  paper  of  Rogers  and 
Brickwedde  [38388].     They  are  based  on  a  A    eff  of  1.374  and  are  presented  in  table  5-6. 

Values  of  viscosity  of  DT  may  also  be  obtained  from  the  graphs  published  by  Rogers 

and  Brickwedde.     We  note  that  the  A    eff  for  DT  (1.046)  is  very  close  to  that  of  Ts 

(A  '     =     1.029).     At    T       =     0.8,T]  is  about  2%  lower  than    7]       .     It  is  therefore  suggested 

DT  T3 

that  the  table  entries  for  liquid  T2  be  adjusted  (lower ed)by  2%  to  obtain  values  for  DT. 

6.     Electrical  Properties 

6.1  Breakdown  Voltage 

Measurements  have  been  made  by  Mathes  [19687]  on  liquid  and  gaseous  hydrogen 
using  60  cycle  a-c  voltages  applied  across  steel  electrodes  to  obtain  values  for  use  in 
practical  applications  rather  than  intrinsic  values.     His  results  are  shown  in  figure  6-1. 

Note  that  electrode  material  and  its  degree  of    oxidation  have  a  pronounced  effect  on 
such  measurements.     Also,   helium  is  affected  by  presence  of  finely  divided  solid  impurities 
such  as  air.     Dissipation  factors  as  discussed  by  Jeffries  and  Mathes  [68981]  are  normally 
very  low. 

6.2  Dielectric  Constant 

The  dielectric  constant  is  used  to  indicate  liquid  level,    to  measure  density  in  gas, 
liquid,    or  solid  states,    and  to  detect  holes  or  voids  in  the   solid  phase.     In  general,    experi- 
mental measurements  made  before  1960  are  lacking  in  both  precision  and  accuracy  and  will 
not  be  considered  here.     The  significant  experimental  papers  are: 

1.  Stewart  [22412]  who  measured  the  dielectric  constant  for  parahydrogen  over  a  large 
range  of  pressure  and  temperature  in  both  liquid  and  gas  phases; 

2.  Younglove  [52135]  who  measured  the  dielectric  constant  for  highly  compressed  liquid  and 
solid  parahydrogen; 

3.  Hermans,    et  al.    [32363]  who  measured  for  the  dilute  gas  the  differences   in 
polarizability  between  H2  ,   HD  and  D3  ,   and  also  between  normal  and  para  H2  ; 

4.  Kogan  and  Milenko  [66761]  who  measured  the  difference  in  dielectric  constant  for 
various  concentrations  of  o-p  Hs    in  the  liquid  state. 
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Figure  6-1.     Breakdown  Voltage  of  Cryogenic  Liquids  from  K.N. 
Mathes,    Electro-Technol.    72,    72   (Sept.    1963). 

In  addition  we  will  use  one  of  the  older  papers  to  indicate  a  difference  in  polarizability 
between  Hs   and  D2    in  the  liquid  state: 
5.      van  Itterbeek  and  Spaepen  [684]. 

It  is  important  for  the  user  to  realize  that  correlation  or  analysis  of  the  dielectric 
constant  is  almost  always  handled  through  the  Clausius-Mossotti  relation  M(e-  l)/(e+2)p  =  P, 
or  solved  for     e  =  (1  +  2Pp)/(l  -  Pp),   where     e     is  the  dielectric  constant,     M    the  molecular 
weight,     p     the  density,   and    P    the  molar  polarizability.     Polarizability  is  most  often 
expressed  in  cm3/g;   a  nominal  value  for  parahydrogen  is   1.004  cm3/g,   a  nominal  value  for 
Ds   is  0.4Q4  cm3/g.     However,   to  compare  polar izabilities  of  the  various  hydrogen  isotopes 
it  is  best  if    P     is  expressed  in  molar  units,    thus  the  nominal  value  for  parahydrogen 
becomes  2.  02  cm3  /mol  and  the  one  for     D,    is   1 .  99  cm3  /mol. 


Parahydrogen 

The  most  extensive  measurements  have  been  made  on  parahydrogen.     A  composite 
plot  of  the  results,   figure  6-2,    shows  that  the  polarizability  is  a  very  slowly  varying  function 
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Figure  6-2.     The  Clausius-Mossotti  Function  for  Parahydrogen 
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of  density.     Stewart  [22412]   is  able  to  correlate  his  entire  set  of  measurements  with  a  single 
equation 

1/P    =    0. 99575  -  0.09069p  +  1. 1227p3 

where    P    is  in  cm3/g  and    p     in  g/cm3.     Younglove's  [52135]  measurements  extend  to 
higher  liquid  densities  and  include  values  for  the  solid.     He  represents  his  solid  measure- 
ments by  the  equation    P  =   1.011  -   0.049091p     with  units  as  above.     As  shown  in  figure  6-2 
Younglove  reports  a  difference  of  about  0.5%  in    P    between  liquid  and  solid.     This  value  has 
recently  been  called  to  question  by  Udovidchenko  and  Manzhelii  [68779]  and  by  Wallace  and 
Meyer  [Wallace  and  Meyer,    1972]  who  report  a  change  of  no  more  than  0.2%. 

Since  the  dielectric  constant  is  proportional  to  density,   a  plot  of     e    vs.     T     is  very 
similar    to  a  density- temperature  phase  diagram.     For  parahydrogen,   liquid  and  solid 
boundaries  are  shown  in  figure  6-3  while  the  vapor-liquid  boundary  is   shown  in  figure  6-4. 

Other  Modifications 

The  other  experimental  sources  cited  present  dielectric  constants  for   several 
hydrogen  modifications,    or  differences  in  polar izability.      We  have  used  these  data,    recal- 
culating as  necessary,    to  prepare  the  table  shown  below,    where  all  other  modifications  are 
referred  to  the  polar  izability  of  parahydrogen  [Stewart,    22412].      For  those  modifications 
which  have  not  been  measured  experimentally  we  have  estimated  polar  izability  differences 
as  shown. 

Table  6-1.      Polar  izabilities  of  the  Hydrogens 
molar  polar  izabilitie  s  ,    cm3 /mole  difference  conditions 


n-H2 

2. 

0273 

P-H2 

2, 

.0243 

0. 

0030 

dilute  gas 

Hermans  et  al. 

n-H2 

2. 

0372 

p-H2 

2. 

0279 

0. 

0093 

sat.   liquid 

Kogan  et  al. 

HD 

2. 

0130 

P-H2 

2, 

.0243 

-0. 

0113 

dilute  gas 

Hermans  et  al. 

D2 

1. 

9988 

P-H3 

2, 

.0243 

-0. 

0255 

dilute  gas 

Hermans  et  al. 

D3 

1. 

.9910 

p-H2 

2, 

,0231 

-0. 

0321 

sat.    liquid 

van  Itterbeek  et  al. 

HT  1.995  p-H2  2.0243  -0.029  estimated  plot  of  experimental 

DT  1.978  p-H3  2.0243  -0.046  estimated  polar  izability  dif- 

T2  1.961  P-H2  2.0243  -0.063  estimated  ferences  above  vs. 

molecular  weight 
The  significant  conclusions  drawn  from  this  table  are  that 

1.  The  differences   in  polarizability  are  nearly  constant  in  going  from  gas  to  liquid  states; 

2.  We  can  estimate  values  of  the  dielectric  constant  for  other  hydrogen  modifications  by 
using  the  polarizability  differences  and  the  known  polarizability  of  parahydrogen  in  the 
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Figure  6-3.      Parahydrogen,    Dielectric  Constant  for  Saturated  Solid  and  Liquid 
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Figure  6-4.      Parahydrogen ,    Dielectric  Constant  for  Saturated  Vapor 
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following  sequence  of  steps: 

a.  find  density  or  state  at  point  desired  (moles/cm3) 

b.  calculate  polar izability  of    p-H3     at  an  equivalent  density  (moles/cm3) 

c.  adjust  polar  izability  by  appropriate  difference 

d.  calculate  desired  dielectric  constant. 

6.3     Electrical  Conductivity 

A   significant  experimental  paper  is  that  of  Willis  [40311].     His  conclusions  are:     "It 
does  not  appear  to  be  correct  to  speak  of  the  electrical  conductivity  of  cryogenic  fluids  in  the 
sense  of  Ohm's  law.     Although  a  current  can  be  passed  through  a  cryogen,    only  a  weak 
dependence  on  the  applied  gradient  exists.     In  other  words,    the  conductivity  is  not  a  constant 
as  in  an  ohmic  material,   but  a  function  of  the  applied  potential.     The  cryogen  acts  as  a 
constant  current  source  in  this  respect.     This   is  believed  to  be  so  because  no  intrinsic 
mechanism  of  charge  carrier  formation  exists  within  the  cryogen  itself.     All  charge  carriers 
present  are  generated  by  the  ionizing  radiation  present  as  natural  background.  "    Note  that 
the  conductivity  of    Da     is  affected  by  a  small  amount  of    Ts  .     The    Ta     contamination 
provides  a  large  amount  of  ionization  through  the  emission  of  beta  particles.     Values  for 
hydrogen  and  deuterium  are  given  in  table  6-2. 

Table  6-2.     Electrical  Resistivity  of  Hydrogen  and  Deuterium 


Vapor 

pressure 

Electrostatic 

Electrometer 

(mm  Hg 

Temperature 

voltmeter 

amplifier 

Cryogen 

absolute) 

(°R) 

measurement  (flcm) 

measurement  (ficm) 

Deuterium 

167 

35 

2. 12  X   101S 

7.4  x  101S 

Hydrogen 

585 

34.8 

3.73,    10.4  x  1018 

4.6  x   1019 

7.     Optical  Properties 

7.  1     Index  of  Refraction 

The  refractive  index  of  liquid  hydrogen  and  deuterium  is  often  required  for  the 
analysis  of  data  obtained  from  high-energy  physics  experiments  which  use  bubble  chambers 
as  detectors.     The  refractive  index  of  hydrogen  is  also  used  in  densitometry. 

Index  of  refraction  measurements  are  almost  always  analyzed  in  terms  of  the 
Lorentz-Lorenz  function: 

L-L    =     r,     =    — = —   — 

\  n=  +  2     p 

where     r        is  the  specific  refraction  at  wavelength     \,     n       is  the  refractive  index,   and    p     is 
\  X 
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the  density.     The  Lorentz  theory  predicts  that  the  Lorentz-Lorenz  function  should  be  nearly 
independent  of  temperature  and  density  for  a  non-polar  fluid.     For  many  fluids  including 
hydrogen  the  function  is  in  fact  weakly  dependent  upon  temperature  and  density. 

The  specific  refraction  is  related  to  the  specific  polarization    p    of  the  Clausius- 
Mossotti  function  (see  section  6.2)  as  follows:     e  =  n2  ,     which  is  equivalent  to    p  =  r    . 
These  relations   imply  that  the  temperature  and  density  dependences  of  the  Lorentz-Lorenz 
function  and  the  Clausius-Mossotti  function  are  similar,   and  that  data  of  one  type  may  be  used 
to  develop  values  for  the  other  variable  provided  that  the  appropriate  values  of  density  are 
available. 

Hydrogen 

Diller  [54546]  obtained  very  precise  values  on  gaseous  and  liquid  para-  and  normal 
hydrogen  at  temperatures  between  15  and  298.  15  K  and  at  pressures  up  to  230  atm.     The 
data  were  analyzed  in  terms  of  the  density  and  temperature  dependence  of  the  L-L  function; 
the  precision  and  reproducibility  of  L-L  is  better  than  0.05%  in  most  cases.     Diller' s 
results  for  parahydrogen  are  summarized  in  figure  7-1.     The  large  deviations  for  saturated 
liquid  and  vapor  near  the  critical  density  are  attributable  to  errors  in  the  density,   not  in  the 
index  of  refraction.     These  results  in  fact  indicate  that  a  reexamination  of  the  PVT  surface 
of  parahydrogen  is  in  order,   and  that  the  value  of  the  critical  temperature  should  be  close  to 
32.95  rather  than  32.976.     Diller  also  measured  values  for  normal  hydrogen.     In  general  the 
normal-para  differences   in  the  L-L  function  are  about  0.  1%,   very  close  to  theoretical 
predictions.     The  differences  for  the  saturated  liquids  vary  a  bit  more  than  0.  1%.     Values  are 
shown  in  figure  7-2.     In  addition,    this  figure  is  perhaps  the  best  graphical  illustration  of  the 
differences   in  liquid  density  between  normal  and  parahydrogen. 

Deuterium 

Values  for  liquid  deuterium  have  been  calculated  by  Childs  and  Diller  [57921].      These 
authors  used  information  on  the  dielectric  constant  following  the  method  indicated  by 
Corruccini  [30251].     The  required  dispersion  relationship  was  obtained  from  the  room  tem- 
perature measurements  of  the  refractive  index  of  deuterium  by  Larsen  [Larsen,    1936].     The 
values  obtained  by  Childs  and  Diller  are  based  on  the  liquid  densities  of  Prydz  [43781].      They 
are  tabulated  as  a  function  of  wave  length  and  density  in  table  7-1. 

HP 

Since  the  differences  in  dielectric  constant  between  n  and  pHa  ,   HD  and  Ds  are  available 
(Hermans,    et  al.    [32363]),   and  since  Diller's  difference  in  the  Lorentz-Lorenz  function 
between  normal  and  parahydrogen  is  consistent  with  the  polar izability  difference  of  Hermans, 
et  al.,  one  could  in  principle  obtain  index  of  refraction  values  for  HD.     This  has  not  yet  been 
done. 
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Figure  7-1.     The  Lorentz-Lorenz  Function  for  Parahydrogen 
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Figure  7-2.     The  Lorentz-Lorenz  Function  for  Saturated  Para  and  Normal 
Hydrogen 
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Table  7-1.     The  Refractive  Index  of  Liquid  Deuterium 


p.  g/cm3 

/.  = 

3200A 

;.= 

5461  A 

,= 

6328  A 

T,  °K 

rk,  cm3/g 

"a 

'a<  cm3;g 

nx 

rx,  cm3  g 

"a 

18.7 

0.1739 

0.5358 

1.1437 

0.5089 

1.1363 

0.5056 

1.1354 

19.0 

0.1733 

0.5358 

1.1432 

0.5089 

1.1358 

0.5056 

1 . 1 349 

20.0 

0.1712 

0.5358 

1.1415 

0.5090 

1 . 1 342 

0.5057 

1.1333 

21.0 

0.1691 

0.5358 

1.1397 

0.5090 

1.1324 

0.5057 

1.1316 

22.0 

0.1669 

0.5359 

1.1378 

0.5091 

1 . 1 307 

0.5057 

1 . 1 298 

23.0 

0.1645 

0.5359 

1.1358 

0.5091 

1.1288 

0.5058 

1.1279 

24.0 

0.1620 

0.5360 

1.1337 

0.5091 

1.1268 

0.5058 

1.1259 

25.0 

0.1595 

0.5360 

1.1315 

0.5092 

1.1247 

0.5059 

1.1239 

26.0 

0.1567 

0.5360 

1.1292 

0.5092 

1.1225 

0.5059 

1.1217 

27.0 

0.1538 

0.5361 

1.1267 

0.5092 

1.1202 

0.5059 

1.1194 

28.0 

0.1508 

0.5361 

1.1242 

0.5093 

1.1178 

0.5060 

1 . 1 1 70 

29.0 

0.1475 

0.5361 

1.1214 

0.5093 

1.1152 

0.5060 

1.1144 

30.0 

0.1440 

0.5362 

1.1184 

0.5094 

1.1124 

0.5061 

1.1116 

with  permission  from  G.  E.    Childs,    et  al.  ,    Cryogenic  Engineering  Conference  15th, 
Los  Angeles,    Calif.    (Jun.    1969),   paper  D-2. 

7.2    Infrared  Absorption 

It  is  difficult  to  summarize  this  subject  because  so  many  transitions  are  possible  in 
hydrogen,   i.e.,   rotational,  vibrational,  Raman,   ultraviolet,    infrared,   far- infrared  spectra 
all  have  been  investigated.     The  survey  uncovered  about  150  references  of  potential  interest. 
From  a  practical  point  of  view  it  is  of  interest  to  describe  the  absorption  of  radiation  in 
solid,   liquid,   or  dense  vapor.     Unfortunately  this  becomes  involved  with  system  parameters 
related  to  the  source  of  radiation.     The  spectral  absorption  coefficient  for  most  gases  is  a 
strong  function  of  frequency,   being  zero  over  large  ranges  and  sharply  peaked  in  certain 
bands.     In  the  case  of  oxygen  these  bands  have  been  identified  and  a  correlation  of  total  band 
absorptance  given  [section  A- 31  and  A-42  in  80838].     A  similar  correlation  for  hydrogen  has 
not  been  accomplished.     Measurements  on  liquid  hydrogen  by  Jones  [63093,   65842]  indicate 
that  the  infrared  spectrum  of  liquid  hydrogen  consists  of  two  distinct  parts,    each  of  which  is 
strongly  dependent  on  ortho-para  composition.     Comparison  of  these  results  to  those  of 
others  show  differences  of  30  to  40%  for  the  peak  absorption.     These  discrepancies  remain 
unexplained.     Jones  gives  an  example  calculation  for  liquid  normal  and  parahydrogen.     He 
notes  that  the  fundamental  band  of  hydrogen  is  of  negligible  importance  if  we  consider 
radiative  heat  transfer  from  a  room  temperature  source.     Simple  definitions  are  given  in 
[65842]  and  in  [80838].     An  extensive  survey  of  induced  transitions  in  liquid  and  solid  hydrogen 
up  to  about  1965  is  given  by  Colpa  [36823]. 
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8.     Mechanical  Properties 


In  earlier  sections  we  have  presented  values  for  several  mechanical  properties  such 
as  the  velocity  of  sound  of  the  solid  (section  3.4),   bulk  moduli  for  liquid  (section  2.5),   and 
thermal  expansion  of  the  solid  (section  2.  1).     In  this   section  we  present  the  bulk  of  the 
mechanical  properties  of  the  solid  phase. 

Experimental  measurements  of  uniaxial  loading  have  been  conducted  by  Bol'shutkin, 
Stetsenko  and  their  co-workers  on  polycrystalline  parahydrogen  [49657],    polycrystalline 
normal  hydrogen  [78545],   and  polycrystalline  deuterium  [68001].     In  these  papers  the  authors 
present  values  of  Young's  modulus,   of  the  shear  modulus,    of  tensile  strength,    of  nominal 
yield  stress,  and  of  relative  elongation.     Values  for  normal  and  parahydrogen  are  summa- 
rized in  figure  8-1   taken  from  [78545],   and  values  for  deuterium  are  presented  in  table  8-1 
which  is  taken  from  [68001]. 


CM 
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20 
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«-u 
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Figure  8-1.     Temperature  Dependences  of  the  Mechanical  Properties  of 
Normal  and  Parahydrogen 

1  -   is  Young's  modulus,   2  -  the  shear  modulus,   3  -   tensile  strength,   4  -  nominal  yield  stress, 
e     relative  elongation. 
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Table  8-1.      Temperature  Dependence  of  Strength,    Relative 

Elongation,    Coefficient  of  Hardening ,    Young's 
Modulus,   and  Shear  Modulus  of  Deuterium  on  Temperature 


V 

°0.1 

E 

G 

T,    °K 

g/mm2 

e,   % 

kg/mm2 

1.4 

43.0 

0.6 

51.0 

52.0 

20.0 

3.0 

50.0 

0.8 

34.0 

49.6 

19.4 

4.2 

54.0 

1.0 

29.0 

48.2 

18.  1 

5.4 

52.0 

2.0 

27.5 

46.5 

17.8 

8.0 

45.0 

3.0 

26.0 

44.0 

16.8 

11.6 

43.3 

6.2 

22.2 

42.0 

16.2 

15.6 

29.1 

13.0 

14.4 

41.  1 

15.8 

16.4 

21.4 

22.3 

Experimental  measurements  of  the  velocity  of  sound  in  solid  hydrogen  and 
deuterium  [78548,    81564]  have  yielded  values  of  Poisson's  ratio  as  well  as  values  of 
"adiabatic"  and  isothermal  compressibilities.     The  values  have  already  been  presented  in 
table  3-5.      In  addition,    these  papers  report  values  of  the  Debye  8,    of  the  elastic  constants, 
and  of  the  adiabatic  bulk  modulus,    all  of  which  together  with  a  few  calorimetric     9's     are 
given  in  table  8-2  below. 

Table  8-2.     Debye  8,  Adiabatic  Bulk  Modulus  and  Elastic  Constants  for  H2  and  Ds 


Debye  9 

adiabatic  bulk 

modulus  [81564] 

111,    single  crystal  normal 

[81564] 

1740  bar 

113,    polycrystal  para 

[78548] 

normal  H2 

124,    para  calorimetric 
122,   para  calorimetric 

[21136] 
[75211] 

assuming     V  = 

22.87  cm3/mol 

105,    single  crystal  normal 

[81564] 

3370  bar 

normal  Ds 

113.8,    ortho  calorimetric 

[75211] 

assuming    V  = 

20.  19  cm3/mol 

Elastic  constants  [81564] 

p  =  density 

Cll/p                     C12/p 

C13/p 

C33/P 

C44/p 

normal  Ha 

4.10                        1.35 

0.45 

4.99 

0.  94 

normal  D3 

3.34                        1.17 

0.61 

3.91 

0.80 
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Note  that  the  calorimetr ic  Debye  8's  are  consistent,   and  the  mechanical  Debye  6's  are 

consistent,   but  that  the  two  methods  differ  considerably  as  pointed  out  in  [78548].     The 

explanation  that  "This  discrepancy  is  due  to  incorrect  elimination  of  the  anomalies  in  the 

temperature  dependence  of    C     ..."  needs  further  study,   particularly  as  the  recent  results 

of  Roberts  and  Daunt  [75211]  are  in  excellent  agreement  with  those  of  Ahlers  [21136].     In 

addition  Ahlers1   measurements  are  at  constant  volume;  technically  the  correct  way  to 

determine  a  Debye  9   is  from    C    .     Finally  Ahlers'   9's  vary  from  128  to  106  for  his  lowest 

v 

isochore,   that  is  for  temperatures  from  0  to  15  K,    and  they  vary  considerably  more  for 
changes  in  density. 

Finally  there  are  measurements  of  shear  strength  as  a  function  of  applied  pressure. 
Initial  values  of  extrusion  pressures  were  reported  by  Stewart  [5719],    240  kg/cm2  for    Ha 
and  290  kg/cm2   for    DE  .     The  measurements  have  since  been  refined  by  Towle  [32738]  who 
reports  the  following  values  for    Ha     at  4  K: 

shear  strength  kg/cm2 29 41.6 61.4 64.  6 

mean  applied  pressure  kg/cm3  1050  2010  3190  3710 

9.     Modification,   Phase  Change 

9.1     Ortho-Para  Conversion 

A  separate  search  on  ortho-para  conversion  turned  up  241  papers  of  potential  interest. 
Time  and  funding  for  this  survey  precluded  any  work  beyond  that  done  for  the  earlier   survey 
[Ludtke  and  Roder,  78262].     Since  many  of  the  references  on  the  earlier  report  on  deuterium 
also  are  applicable  to  hydrogen,   we  rely  heavily  on  the  material  of  that  report. 

Hydrogen,   deuterium  and  tritium  exist  in  two  modifications.     In  one  the  molecule  has 
a  rotational  energy  level    J  =  0,   the  lowest  energy  level,   with  an  associated  spin  quantum 
number     I  =  0  or  2.     In  the  other  state  the  molecule  has  a  rotational  energy  level    J  =   1  and  a 
spin  quantum  number    1=1.     For  hydrogen  and  tritium  the  lowest  energy  level  is  called  para, 
for  deuterium  it  is  called  ortho. 

We  suggest  that  the  heat  effects  of  the  ortho-para  change  can  be  ignored  in  most 
practical  applications  if  the  absence  of  a  catalyst  can  be  assured.     If  not,    then  we  recommend 
deliberate  conversion  to  the  lower  energy  level  as  the  step  to  minimize  all  undesirable  side 
effects.     If  estimates  of  ortho-para  effects  are  desired,   we  suggest  that  the  rate  equations  of 
Motizuki  and  Nagamiya  [5439,    5440]  be  used. 

Ortho-Para  Composition 

The  ortho-para  composition  of  hydrogen,   deuterium  and  tritium  at  equilibrium  is  tem- 
perature dependent,    especially  below  50  K,   as  shown  in  table  9-1,   which  is  taken  from 
Woolley,    et  al.    [6368]  and  Jones  [18037]. 
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Table  9-1.     Ortho-Para  Composition  at  Equilibrium 

Percentage  Percentage  Percentage 

Temperature  in  para  form  in  para  form  in  para  form 

(K)  for  H3  for  D2  for  Ts 


10  99.9999  0.0277  97.177 

20  99.821  1.998  66.186 

20.39  99.789 

23.57  ---  3.761 

30  97.021  7.864  43.306 

40  88.727  14.784  33.197 

50  77.054  20.718  28.728 

Heat  of  Conversion 

The  heat  of  conversion  arises  from  the  transition  between  the  different  rotational 
levels  of  the  molecule.     When  for  example  para  deuterium  converts  to  ortho  deuterium,   there 
is  a  decrease  in  the  energy  of  the  molecule  and  this  energy  is  dissipated  as  heat.     The 
amount  of  heat  given  off  in  a  conversion  process  depends  on  the  temperature  and  on  the 
amount  of  material  requiring  conversion.     Values  of  the  heat  of  conversion  at  a  given  tem- 
perature level  should  be  obtained  from  the  tables  of  ideal  gas  thermodynamic  functions, 
Haar,    et  al.   [11271]  for  hydrogen  and  deuterium,  and  Jones  [18037]  for  tritium. 

Rate  of  Self- Conversion 

The  rate  of  self- conversion  is  of  particular  interest  in  practical  problems  where  the 
normal  gas,  i.e.  ,  the  gas  in  equilibrium  at  room  temperature,  is  liquefied  or  solidified  and 
self- conversion  towards  the  equilibrium  concentration  sets  in.  The  earliest  vapor  pressure 
papers  contain  reference  to  the  problem. 

For  liquid  deuterium  two  order  of  magnitude  estimates  for  the  rate  of  self- conversion 
have  been  published  by  Brickwedde,    et  al.    [11250]  and  by  Woolley,    et  al.    [6368].     Both  are 
based  on  the  rate  of  conversion  given  for  normal  hydrogen  by  Woolley,    et  al.    [6368],     The 
rate  of  self-conversion  of  deuterium  is  plotted  in  figure  9-1.     The  rate  equations  are 
assumed  to  be  second  order  differential  equations  of  the  form 

d  [para  deuterium]  „  r  ,  -,-> 

— "■ *-    =    -  K  [para  deuteriumj       , 

where    K    is  the  velocity  constant,  and  [para  deuterium]  indicates  the  mole  fraction  of  para 
deuterium. 

For  solid  deuterium,   Motizuki  [Motizuki,   1957,    1962]  calculated  the  rate  of  para-ortho  self- 
conversion.     He  assumes  that  the  para-ortho  conversion  arises  from  magnetic  dipole-dipole 
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interactions  of  molecular  pairs  and  the  coupling  of  the  nuclear  quadrupole  of  one  molecule 
with  the  total  quadrupole  moment  of  the  other.     His  rate  equation  is 

drPd"tDg1     =    -K[P-D3]S     -    K'[p-Da]  (l-[p-D3])     , 

where    K'  =  1 .  78  x  10~3  h"1     and    K  =  1.27  x  10"3  h"  1 .     Motizuki1  s  rate  of  self- conversion  of 
solid  deuterium  is  plotted  in  figure  9-1  for  comparison  with  the  liquid  estimates.     Half- 
conversion  times  for  the  various  expressions  are  also  indicated  in  figure  9-1.     A  half- 
conversion  time  is  defined  as  the  time  required  for  50%  of  the  original  para  composition 
(33.33%  for  this  plot)  to  convert  to  ortho.     As  the  plot  indicates,   the  half- conversion  times 
for  self-conversion  of  deuterium  are  extremely  long   (>  5400  hours). 

Grenier  and  White  [22677]  measured  self- conversion  rates  of  deuterium  from  the 
drift  curves  of  their  heat  capacity  measurements.     The  data  are  for  solid  deuterium  and 
cover  a  wide  range  of  para  compositions  (33  -   83%).     The  experimental  rates,   d[p-D2]/dt, 
and  Motizuki' s  theoretical  rate  are  compared  in  figure   9-2.     Grenier  explains  that  the  large 
scatter  in  the  data  may  be  due  to  traces  of  oxygen  that  increase  the  rate  of  conversion  in 
some  of  the  samples. 

For  solid  hydrogen  Ahlers  [22667]  made  measurements  of  the  ortho- para  conversion 
as  a  function  of  the  molar  volume  of  the  solid.  These  measurements  are  in  excellent  agree- 
ment with  the  experimental  values  obtained  at  very  low  pressure  by  Cremer  [Cremer,    1938]. 

Rate  of  Conversion  of  Liquid  Using  Catalysts 

Any  of  the  hydrogens  may  be  readily  converted  to  the  equilibrium  composition  with  a 
catalyst,    if  conversion  is  desired.     Some  very  effective  catalysts  exist.     The  catalyzed 
conversion  rate  for  deuterium  is  comparable  to  that  of  hydrogen.     It  is  extremely  fast  when 
compared  to  the  self- conversion  rate.     No  special  effort  was  made  to  gather  all  references 
on  the  conversion  using  catalysts;  the  papers  mentioned  below  are  included  only  to  indicate 
the  type  of  information  that  is  available. 

An  historical  work  in  the  field  is  Farkas'  book  [2040].     He  measured  the  rate  of 
conversion  for  deuterium  gas  at  20.4  K,  using  activated  charcoal  and  solid  oxygen  as  catalysts. 
Using  solid  oxygen,   he  obtained  half- conversion  times  of  19  minutes,   and  with  activated 
charcoal,   the  rate  of  conversion  was  too  rapid  to  be  measured. 

Eberhart  [25360]  conducted  conversion  experiments  with  several  catalysts.     The 
catalysts  were  of  the  chromia  impregnated    Y-alurnina  type.     The  half- conversion  times  for 
deuterium  at  20.4  K  ranged  from  11  to  84  minutes.     For  hydrogen,   the  results  ranged  from 
6.7  to  123  minutes. 
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Albers,  Harteck,  and  Reeves  [23788]  measured  the  half- conversion  times  of  tritium, 
deuterium,  and  hydrogen  gas  on  cocoanut  charcoal.  Thsy  found  the  half- conversion  times  to 
be   1   minute  for  tritium,    19  minutes  for  deuterium,   and  27  minutes  for  hydrogen. 

9.2  Melting  Curves 

The  experimental  papers  up  to  1948  have  been  summarized  by  Woolley  et  al.    [6368]. 
An  important  paper  is  that  of  Mills  and  Grilly  [5449]  who  measured  melting  pressures  for 
n-HE  ,   n-D2,   and  n-T^.     For  p-H2   Goodwin  [14130]  has  presented  experimental  results  and  an 
empirical  equation.     We  have  taken  the  values  in  composite  table  9-2  from  Goodwin's  calcu- 
lation    because  he  constrained  the  Simon  equation  to  pass  through  a  selected  triple  point, 
thus,   negative  values  in  the  range  of  validity  of  the  curve  are  avoided.     The  values  for  HD 
are  taken  from  Woolley  et  al.    [6368]. 

Goodwin's  equation  reads  as  follows: 

(P  -   Pt)/(T  -   Tt)  =  A  exp  (-a/T)  +  BT  +  C 

where  A  =  30.3312  atm/K,    a  =    5.  693  K,    B  =  2/3  atm/K3  ,   and  values  of  the  triple  point 
parameters  and  the  constant  C  are  as  follows: 

p-H?  n_Ha  n~D3  n_T3 


C  (atm/K) 

0 

0 

3 

85 

6.4 

Tt(K) 

13.803 

13. 947 

18 

72 

20.61 

P  (atm) 

0.0695 

0.071 

0 

169 

0.213 

For  parahydrogen,   the  values   in  table  9-2  repeat  those  already  given  in  table  3-2 
where  the  values  for  the  density  of  the  freezing  liquid  were  presented.     Additional  values 
for  the  melting  pressures  of  parahydrogen  have  been  published  by  Younglove  [52135"};     these 
values  have  not  yet  been  incorporated  into  a  melting  pressure  analysis. 

9.  3     Latent  Heat  of  Fusion 

The  latent  heats  of  fusion  are  summarized  in  table  9-3.     Most  of  the  experimental 
work  was  conducted,at  essentially  triple  point  temperatures;  however  some  measurements 
have  been  made  at  elevated  pressures,   and  others  as  a  function  of  ortho-para  composition. 
Grenier  and  White  for  example  concluded  that  the  heat  of  fusion  of  deuterium  with  para 
content  in  the  range  78%  to  81%  is  47.  18  ±  0.  10  cal/mol.      They  also  indicate  that  the  heats  of 
fusion  are  independent  of  ortho-para  composition  within  exper imental  error.     If  the  authors 
indicated  the  triple  point  temperature  in  the  paper,    then  the  value  of  that  temperature  is 
given  in  brackets  in  the  temperature  column.     For  the  measurements  at  elevated  pressures, 
both  the  temperature  and  the  pressure  at  which  the  measurements  were  made  are  shown.      In 
the  heat  of  fusion  column  the  values  which  are  underlined  are  the  ones  which  are  given  in 
section  1 1  in  the  fixed  point  tables. 
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9.4  Latent  Heat  of  Sublimation 

The  latent  heat  of  sublimation  like  the  heat  of  vaporization  is  temperature  dependent. 
As  far  as  we  are  aware.actual  experimental  measurements  of  the  latent  heat  of  sublimation 
have  not  been  conducted.     Instead  the  property  is  usually  calculated  from  the  Clausius- 
Clapeyron  equation  requiring  values  of  the  solid  volumes,   the  vapor  volumes,   and  the 
derivative  of  the  vapor  pressure  curve.     The  difficulty  is  usually  to  select  a  proper  equation 
of  state  for  the  vapor,   because  the  vapor  volumes  predominate  in  the  calculation.     For  the 
temperatures  involved  the  extrapolation  of  the  virial    B     is  quite  extended,    therefore  the  ideal 
gas  equation  is  often  used  for  the  vapor  volumes.     At  the  triple  point  the  latent  heat  of 
sublimation  should  equal  the  sum  of  the  latent  heat  of  vaporization  and  the  latent  heat  of  fusion. 
The  equality  offers  a   severe  test  of  thermodynamic  consistency,    in  particular,    of  the  various 
vapor  pressure  derivatives  used  in  the  calculations. 

The  heat  of  sublimation  at  0  K  is  of  particular  interest  theoretically,   and  a  number  of 
papers  are  concerned  with  this  extrapolation.      Clusius,   for  example,    in  a  survey 
article  [16376]  offers  calculated  or  extrapolated  values  of  183.4  cal/mol  for  Hs  ,   228  cal/mol 
for  HD,   and  274  cal/mol  for  Da   at  0  K.     More  recently  Eyring,    et  al.   [19187]  have  calculated 
the  following  values  from  the  hole  theory  of  liquids: 

181.  56  cal/mol  for    p-H2 

182.92  n-Hs 

234.57  H-D 

276.32  o-Dg 

277.90  n-D2 

The  only  modern  ther modynamically  consistent  calculation,   which  by  the  way  included 
data  on  the  heat  capacity  of  the  solid,    is  that  by  Mullins,    et  al.    [12596]  on  parahydrogen. 
Values  of  the  heat  of  sublimation  for  parahydrogen  have  already  been  presented  in  the 
composite  table  2-3. 

9.5  Latent  Heat  of  Vaporization 

The  heat  of  vaporization  is  a  function  of  temperature.     If  sufficiently  precise  values 
of  the  saturated  liquid  and  vapor  densities  and  the  derivative  of  the  vapor  pressure  are 
available,   then  one  can  calculate  the  heat  of  vaporization  from  the  Clausius-Clapeyron 
equation.     For  parahydrogen  and  normal  deuterium, the  heat  of  vaporization  can  be  estab- 
lished directly  from  the  enthalpies  of  saturated  liquid  and  vapor  given  in  tables  2-2  and  2-7. 
For  the  other  hydrogens, values  near  the  normal  boiling  point  are  collected  in  table  9-4     as 
available.     A  comparison  between  normal  hydrogen  and  parahydrogen  has  been  calculated 
from  the  values  given  by  Stewart  and  Roder  [23790]  and  is  presented  in  table  9-5.     A 
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method  for  estimating  desired  values  of  the  heat  of  fusion,   both  as  a  function  of  temperature 
and  by  species,   has  been  indicated  by  White,    et  al.    [9624],   and  the  pertinent  graph  is 
reproduced  in  figure  9-3.     This  method,   reciprocal  of  the  square  root  of  the  mass,   has  been 

criticized  and  other  mixing  rules  are  preferable  [see  for  example,  32140],   but  it  is  the  only 
one  that  has  been  worked  out  at  present. 

Table  9-5.      Latent  Heats  for  n-  and  p-Hp 

T,   K  Latent  Heat  of  Vaporization,    cal/mol 

Normal  Para  Difference 

14  219.9                           217.1  2.8 

15  220.7                            218.3  2.4 

16  221.1                           218.5  2.6 

17  221.1                             218.4  2.7 

18  220.6                             217.9  2.7 

19  219.6                           216.8  2.8 

20  218.0                            215.2  2.8 

21  215.7                            212.5  3.2 

22  212.7                            209.5  3.2 

23  208.9                            205.6  3.3 

24  204.2                            200.8  3.4 

25  198.5                             195.0  3.5 

26  191.5                           187.8  3.7 

27  183.1                             179.2  3.9 

28  173.0                             168.7  4.3 

29  160.6                             155.8  4.8 

30  145.2                             140.1  5.1 

31  125.4                             119.8  5.6 

32  90.8 


9.6     Solid  Transitions 

Solid  transitions  are  known  to  occur  for  H3   and  D3  .     The  transition  is  dependent  on 
ortho-para  composition  and  involves  a  change  in  structure  from  hep  to  bcc.      Typical 
transition  temperatures  range  from  1.2  to  4  K.     The  subject  is  covered  in  more  detail  in 
section  2.1. 
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Figure  9-3.     Diagram  for  Estimating  Heats  of  Vaporization  with  permission 
from  D.    "White,    et  al.  ,   J.   Phys.    Chem.    63,    1181   (1959). 
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10.     Vapor  Pressure 

Vapor  pressure  measurements  on  liquid  and  solid  hydrogen,    its  isotopes,   and  its 
isotopic  mixtures  have  been  made  since  1900.     However,   for  the  purposes  of  this  report, 
all  measurements  or  correlations  prior  to  1948  are  not  discussed.     We  note  that  differences 
in  vapor  pressure  measurements  by  different  observers  are  nearly  always  attributable  to 
differences  in  the  temperature  scales  used. 

10.  1     Hydrogen 

Solid  p-Ha 

For  practical  purposes  20.4  e-Hs,   which  is  99.79%  para,    is  the  same  as  para- 
hydrogen.     We  recommend  the  calculation  by  Mullins,    et  al.   [12596],   the  values  of  which 
have  already  been  presented  in  table  2-3. 

Solid  n-H-, 

Direct  experimental  vapor  pressure  measurements  on  solid  n-Hs  between  3.4  and 
4.  5  K  were  made  by  Borovik,   Grishin,   and  Grishina  [6759].     Hydrogen  gas  was  condensed  on 
a  cooled  surface  in  a  high  vacuum.     After  establishment  of  equilibrium,   the  pressure  was 
measured  at  which  the  rate  of  condensation  and  the  rate  of  evaporation  were  equal.     Errors 
in  the  measurement  of  temperature  did  not  exceed  ±  0.02  K,   and  pressure  measurement 
error  did  not  exceed  10%  as  reported  by  the  authors.     Results  are  given  in  table  10-1. 

Harrison,   Fite,   and  Guthrie  [13770]  experimentally  determined  the  vapor  pressure  of 
solid  n-H2  from  4.  7  K  to  1 1 .  1  K.     For  the  two  experimental  temperature  ranges,   4.7-   5.  2  K 
and  6. 5-   11. IK,   the  pressure  readings  were  taken  at  room  temperature  using  a  gauge  con- 
nected by  a  tube  to  the  low  temperature  region  containing  the  solid  hydrogen,   and  corrections 
were  made  in  the  calculations  when  necessary.     The  data  are  given  in  table  10-1.     The 
authors  represent  the  data  by  the  equation 

log  P    =    -  ^^1    +    |    log  T    +    2.047 

which  is  valid  for  the  temperature  range  4.  7  to  13.  95  K. 

Liquid  p-Ha 

For  maximum  consistency  with  the  thermal  data  such  as  entropy,   enthalpy,    etc.  ,   we 
recommend  the  vapor  pressures  given  by  Roder,   et  al.   [29210]  already  presented  in 
table  2-2.     The  values  are  identical  to  those  given  by  Weber,    et  al.   [13704]  and  are  in  very 
good  agreement  with  those  of  Hoge  and  Arnold  [454]  and  those  of  Woolley,    et  al.   [6368]. 
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The  measurements  by  Hoge  and  Arnold  [454]  on  liquid  equilibrium  hydrogen 
(0.  979  p-Hs  ,   0.  021  o-Ha   at  20.  4  K)  were  made  from  near  the  triple  point  to  the  critical 
point.     They  noted  that  while  the  e-H2   was  in  ortho-para  equilibrium  only  at  20.4  K,    the 
composition  did  not  change  as  the  temperature  was  raised  or  lowered  during  the  experiment. 
Their  smoothed  experimental  data  have  an  accuracy  of  0.3  mm  Hg  up  to  1  atm,   and  the 
uncertainty  above  1  atm  pressure  gradually  increases,    reaching  ±  8  mm  Hg  near  the  critical 
point.      The  uncertainty  in  the  temperature   scale  is  perhaps  ±  20  mK. 

Weber,    et  al.    [13704]  presented  experimental  data  on  20.4  K  equilibrium  H2    (called 
parahydrogen)  from  the  boiling  point  to  the  critical  point.     The  measurements  were  done  in 
a  P-V-T  cryostat,   and  the  overall  uncertainty  of  the  pressure  measuring  system  was 
±  0.003  atm.     The  authors  present  the  data  with  the  following  equation  valid  between  the 
boiling  point  and  29  K, 

log  P     (atm)    =    2.000620  -   r7!°'?9!°^,    +    0.01748495T     . 
°      a  T  +  1.  0044 

Above  29  K  an  adjustment  function  must  be  used: 

P    =     P     +   0.001317  (T-29)3  -    0.00005926   (T-29)s    +    0.000003913   (T-29)7 
a 

The  function 

log  P  (atm)     =     1.772454-  '— +    0.02055468T 

was  developed  by  Weber,    et  al.    to  represent  the  values  of  Hoge  and  Arnold  within  experi- 
mental deviations  from  the  triple  point  to  about  21  K.     The  equations  join  smoothly  at 
20.268  K. 

Liquid  n-Ha 

Van  Itterbeek,   et  al.    [23435]  have  made  the  most  recent  and  most  extensive  measure- 
ments of  the  vapor  pressure  of  n-Hs  and  the  difference  in  vapor  pressure  between  normal- 
and  equilibrium  (para)  hydrogen  in  the  temperature  range  from  20  K  up  to  32  K.     The  data 
for  n-H2   are  shown  in  table  10-1.     The  difference  of  normal-  and  para-H3   were  smoothed 
by  the  function 

log  P  (kg/cm3)    =    A    +    B/T    +    C    log  T 
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where  the  constants  for  the  n-H3  are:    A  =  -1.55447,   B  =  -31.875,    C  =  2.39188;  and  the 
constants  for  the  differential  pressure  are:    A  =  -3.  945,   B  =  -14.  520,   and  C  =  2. 470.     The 
normal  boiling  point  data  for  n-  and  e-H2   were  determined  from  the  equation  and  are  in 
agreement  with  accepted  values  within  the  limit  of  experimental  error.     Most  of  the  experi- 
mental data  in  table  10-1  agree  with  smoothed  data  calculated  from  the  equations;  however 
above  30  K  the  equation  for  the  vapor  pressure  differences  is  not  reliable. 

For  values  between  the  triple  point  and  the  normal  boiling  point  we  recommend  the 
values  given  in  the  compilation  of  Woolley,   et  al.   [6368]. 

Liquid  o-Hg 

For  liquid  o-H&  the  only  data  available  are  the  estimates  of  Woolley,    et  al.    [6368] 
who  measured  values  for  liquid  e-H2   and  liquid  n-Ha  .     The  values  for  o-Hs  are  based  on  an 
extrapolation  with  respect  to  composition;    they  are  given  in  table  10-1. 

10.  2    Deuterium 

Solid  Da 

In  accordance  with  the  earlier  survey  of  Ludtke  and  Roder  [78262]  we  recommend  the 
equations  by  Woolley,    et  al.    [6368]  for  the  vapor  pressure  of  solid  D2  .     The  equations  are: 

,    „          68.0782 
for  solid  n-Da  log10   P    =     5.1626     - +    0.03 HOT     , 

for   solid  o-D3  log10   P    =     5.1625     -       7'9119    +    0.03102T     . 

Calculated  values  for  n-D3   are  given  in  table  10-1. 

Liquid  DP 

For  liquid  normal  deuterium  we  must  recommend  the  vapor  pressures  by 
Prydz  [43781]   in  order  to  be  consistent  with  all  of  the  other  thermal  quantities  presented. 
Values  for  the  vapor  pressure  of  liquid  normal  deuterium  have  already  been  given  in 
table  2-7. 

For  liquid  ortho  deuterium,    the  most  extensive  measurements  are  those  of  Hoge  and 
Arnold  [454]  whose  values  are  given  in  table  10-1.     The  authors  indicate  that  the  vapor 
pressure  measurements  on  deuterium  below  one  atmosphere  are  accurate  to  0.3  mm  Hg  and 
that  the  uncertainty  in  temperature  is  ±  20  millidegrees  K.     The  authors  also  determined  the 
triple  point  temperature  and  pressure  of  ortho  deuterium  as  well  as  the  normal  boiling 
point.     The  values  agree  with  those  of  Woolley,    et  al.    [6368]  for  triple  point  temperature 
and  pressure,   but  disagree  for  the  normal  boiling  temperature.     A  significant  difference 
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between  this  work  and  others  is  the  use  of  a  platinum  resistance  thermometer  to  determine 
temperatures. 

Meckstroth  and  White  [71082]  measured  the  vapor  pressure  differences  between  ortho 
deuterium  (2.  15%  para)  and  varying  compositions  of  para  deuterium  (up  to  80%),   over  the 
temperature  range  from  17.2  to  22  K.     They  explain  that  relatively  few  reliable  vapor 
pressure  measurements  were  obtained  for  the  solid  due  to  plugging  of  the  small  capillary 
tubes  whenever  the  apparatus  was  maintained  below  17  K  for  any  appreciable  length  of  time. 
Their  results  are  shown  in  figure  10-1  along  with  those  of  Brickwedde,    et  al.    [11250].     The 
older  studies  were  limited  to  para  compositions  in  the  range  2.  1  to  33.3  percent.     For  the 
newer  results  the  major  impurity  of  the  deuterium  samples  never  exceeded  0.  1   mole 
percent,    the  change  in  ortho- para  composition  during  any  run  was  less  than  0.4  percent. 
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Figure  10-1.     Vapor  Pressure  Differences  vs.    the  Vapor  Pressure  of 
Ortho  Deuterium 
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10.3     Tritium 

Experimental  determination  on  the  vapor  pressure  of  solid  and  liquid  tritium  between 
14  and  29  K  was  made  by  Grilly  [444],   who  also  measured  hydrogen  and  deuterium.     The 
author  felt  that  the  purity  was  sufficient  to  yield  fair  accuracy  in  the  temperature  range.     The 
data  are  reproduced  in  table  10-1.     The  author  represented  the  data  by  the  following  two 
equations: 

solid:  log  P    =    6.4773     -     88.002/T 

liquid:  log  P    =    6.0334    -     78.925/T    +    0. 0002  (T-25)2 

Maximum  deviation  for  the  solid  data  is  3.8%,   whereas  for  the  liquid  it  is  0.34%. 

10.4    Hydrogen  Deuteride 

Woolley,    et  al.   [6368]  measured  the  vapor  pressure  of  HD  from  10.4  to  20.4  K.     For 
solid  HD  they  used  the  following  equation, 

56.7154 
log  P    =    4.70260    - +    0.04101T 

Calculated  values  are  given  in  table  10-1. 

Hoge  and  Arnold  [454]  made  extensive  measurements  of  the  vapor  pressure  of  liquid 
HD.     Their  smoothed  data  are  given  in  table  10-1. 

10.5    Hydrogen  Tritide  and  Deuterium  Tritide 

No  experimental  measurements  on  solid  HT  or  DT  were  found  in  this   survey, 
therefore  no  recommendations  can  be  made  for  the  solid  vapor  pressures.     For  liquid  HT 
and  DT  only  the  single  values  at  20.4  K  obtained  by  Libby  and  Barter  [14954]  from  the 
evaporation  of  very  dilute  solutions  are  available.     The  values  are    HT:  254  +  16  mm  Hg  and 
DT:  123  ±  6  mm  Hg.     This  experiment  indicates  that  the  vapor  pressure  of    HT     is  approxi- 
mately the  same  as  that  of  D3  .     A  subsequent  experiment  by  Bigeleisen  and  Kerr  [417] 
showed  that  the  vapor  pressure  of  HT  is  greater  than  that  of  Ds   at  20  K.     One  interpretation 
of  the  latter  experiment  is  to  lend   credence  to  the  rule  of  the  geometric  mean  for  vapor 
pressures.     It  is  the  geometric  mean  that  is  used  by  Mittelhauser  and  Thodos  [32140,    see 
also  summary]  to  calculate  estimates  of  vapor  pressure  for  these  species. 
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10.6     Summary 

Except  for  parahydrogen  the  most  important  experimental  vapor  pressures  are 
reproduced  in  table  10-1.     A  composite  picture  of  the  vapor  pressure  curves,  of  the  hydrogens 
based  on  the  sources   selected  above  is  given  in  figure  10-2.     The  selection  of  triple  point 
pressure  and  temperature,    of  the  normal  boiling  temperature,   and  of  the  critical  parameters, 
which  are  presented  in  section  11,    is  also  based  on  the  vapor  pressures  selected  here. 

As  an  alternate,   particularly  if  highly  precise  values  are  not  required,   we  include  a 
table  of  values  calculated  by  Mittelhauser  and  Thodos  [32140],     The  table,    10-2,    is  highly 
compact  and  convenient.     It  is  based  on  an  evaluation  of  very  nearly  the  same  vapor  pressure 
data  selected  above.     However,   the  user  should  keep  in  mind  the  following: 

1.  The  vapor  pressure  equation,   the  Frost-Kalkwarf  equation,    is   singularly  awkward  to 
use,    it  is  transcendental  in  nature. 

2.  Vapor  pressure  accuracy  is  on  the  order  of  ±  1%  in  pressure.     The  departures  are 
analyzed  in  terms  of  pressure,  not  in  terms  of  temperature,   while  the  major  discrepancies, 
as  noted  in  the  introduction,   are  ordinarily  caused  by  use  of  different  temperature  scales. 

3.  The  critical  constants  used  for  para  and  normal  hydrogen  are  much  too  high.     As  the 
method  is  essentially  a  corresponding  states  analysis,    the  critical  points  of  the  other 
hydrogens  are  suspected  to  be  too  high. 
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Figure  10-2.     Solid  and  Liquid  Vapor  Pressures  of  the  Various  Hydrogens 
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Table  10-2.     Calculated  Vapor  Pressures  of  the  Hydrogens 


T(  K) 

e-H2 

n-H2 

HD 

HT 

e-D2 

n-D2 

DT 

n-T2 

rriple  point  (  K) 

13-81 

13-96 

16-60 

17-62 

18-69 

18-73 

91-71 

20-62 

/'(ram) 

52-8 

54-0 

92-8 

109-5 

128-5 

128-6 

145-7 

162  0 

14-0 

57-2 

55-5 

14-5 

75-8 

73-5 

15-0 

98-7 

95-7 

15-5 

126-4 

122-6 

16-0 

159-5 

154-7 

16-5 

198-7 

192-7 

170 

244-7 

237-3 

1120 

17-5 

298  1 

288-9 

141-3 

180 

359-5 

348-5 

176-1 

125-2 

18-5 

429-6 

416-4 

217-0 

156-9 

190 

509-1 

493-4 

264-7 

194-3 

146-8 

145-5 

19-5 

598-8 

580- 1 

319-6 

238  0 

181-6 

1801 

20  0 

699-2 

677-4 

382-7 

288-8 

222-5 

220-6 

164-9 

20-5 

811-1 

785-7 

454-4 

347-2 

269-9 

267-6 

202-8 

153-7 

21  0 

935-3 

905-7 

535-5 

413-9 

324-6 

321-8 

246-9 

189-5 

21-5 

1072-4 

1038-3 

626-7 

489-8 

387-2 

383-6 

298  0 

231-4 

22-.0 

1223-3 

1184-0 

728-7 

575-3 

458-3 

454-2 

356-6 

280  0 

22-5 

1388-5 

1343-7 

842-3 

671-2 

538-7 

533-8 

423-5 

336-0 

23  0 

1568-9 

1517-9 

968  0 

778-2 

628-9 

623-3 

499-3 

400  0 

23-5 

1765-2 

1707-3 

1106-8 

897-2 

729-9 

723-2 

584-8 

472-7 

24  0 

1978-3 

1912-8 

1259-2 

1028-7 

842-3 

834-5 

680-6 

554-8 

24-5 

2208-8 

2135-1 

1426-1 

1173-6 

966-7 

957-7 

787-5 

647- 1 

25-0 

2457-6 

2374-9 

1608-3 

1332-6 

11040 

1093-5 

906-2 

750-3 

25-5 

2725-5 

2632-9 

1806-5 

1506-4 

1255  0 

1242-9 

1037-4 

865-2 

260 

3013-4 

29100 

2012-4 

1695-8 

1420-3 

1406-4 

1181-9 

992-3 

26-5 

3322-1 

3207-0 

2254  0 

1901-6 

1600  7 

1584-9 

1340-7 

1132-7 

27-0 

3652-7 

3524-6 

2504-9 

2124-5 

1797-1 

1779-1 

1514-2 

1286-9 

27-5 

4005-9 

3863-8 

2775-1 

2365-4 

2010-3 

1989-8 

1703-5 

1455-9 

28-0 

4382-6 

4225-3 

3065-5 

2625-1 

2241-1 

2217-9 

1909-2 

1640-3 

28-5 

4783-9 

4610-2 

3376-7 

2901-1 

2490-2 

2464  0 

2132-2 

18411 

29-0 

5211-2 

5019-2 

37100 

3203-9 

2758-6 

2729-1 

2373-3 

2058-9 

29-5 

5665-2 

5453-5 

4065-9 

3524-6 

3047-2 

3013-9 

2633-5 

2294-6 

30-0 

6147-2 

5914-2 

4445-9 

3867-7 

3356-9 

3319-5 

2913-4 

2549-3 

30-5 

6658-5 

6402-3 

4850-6 

4233-7 

3688-5 

3646-7 

3214-2 

2823-4 

31-0 

7200-7 

6919-2 

5281-0 

4623-6 

4043-1 

3996-3 

3536-5 

31180 

31-5 

7774-9 

7465-8 

5738-5 

5038-7 

4421-5 

4369-3 

3881-5 

3434- 1 

320 

8382-9 

8043-7 

6224-1 

5479-5 

4825-2 

4766-7 

4250-1 

3772-3 

32-5 

9026-4 

8654-4 

6739-3 

5947-3 

5254-8 

5189-8 

4643-2 

4113-9 

33-0 

9299-0 

7285- I 

6443-2 

5711-6 

5639-2 

5061  9 

4519-5 

33-5 

7863-1 

6968-1 

6169-6 

6116-4 

5507-2 

4930-3 

34-0 

8475-0 

7523-4 

6711-4 

6622-1 

5980-5 

53671 

34-5 

9122-1 

8110-7 

7257-3 

7158-1 

6482-7 

5831-1 

35-0 

9806-5 

8730-8 

7835-7 

7725-7 

70151 

6323-5 

35-5 

10529-0 

9385-5 

8448  0 

8325-6 

7579- 1 

6845-3 

36  0 

10076  0 

9095-7 

8960-2 

8176-3 

7397-7 

36-5 

10805  0 

9781-2 

9630-7 

8808-0 

7981-7 

37-0 

115730 

10505  0 

10339-0 

9475-8 

8599-2 

37-5 

11272-0 

110870 

10181-0 

9251-1 

38  0 

12083  0 

11877-0 

10927  0 

9938-8 

38-5 

117180 

106640 

39-0 

12547-0 

11429-0 

39-5 

12236-0 

400 

130860 

Critical  point 

(  K) 

32-99 

33-24 

35-91 

3713 

38-26 

38-35 

39-42 

40-44 

P(mm) 

9705-2 

9735-6 

11134-0 

11780-0 

12373-0 

12487  0 

133000 

138780 

with  permission  from  H.  M.   Mittlehauser ,    et  al.  ,   Cryogenics  4,   368  (1964). 
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11.     Fixed  Points 

In  table  11-1  we  present  temperatures  and  pressures  for  the  triple  point,    the  normal 
boiling  point,   and  the  critical  point  of  the  various  hydrogens.     For  normal  hydrogen,   the  values 
of  Woolley,    et  al.   [6368]  are  adopted.     In  addition  we  present  a  mos;  extensive  table  of 
values  for  the  many  different  properties  at  the  fixed  points  of  normal  hydrogen,   table  11-2 
[Cryogenics  Division,   NBS,  unpublished].     Values  are  taken  from  the  many  sources  given 
in  the  auxiliary  Notes  and  Reference  sheet. 

For  parahydrogen  we  select  the  values  given  by  Roder  et  al.  ,   [29210]   in  order  to 
be  consistent  with  the  values  of  entropy,    enthalpy,    etc.  ,   which  have  been  presented.     A 
second  extensive  table  of  property  values  at  the  fixed  points  of  parahydrogen  is  given  in 
table  11-3  which  is  quite  similar  to  the  one  for  normal  hydrogen. 

For  the  other  hydrogens  we  first  list  in  table  11-1  the  values  adopted  by  "Woolley 
et  al.  ,    [6368]  who  summarized  the  literature  up  to  1948.     In  addition,   all  papers  are  listed 
which  present  results  of  direct  experimental  measurements.      The  listing  is  rounded  out  by  a 
limited  nuimber  of  values  which  have  been  calculated  from  theory  or  estimated  in  various 
ways.      By  presenting  values  from  different  sources  in  table  11-1,   we  give  the  reader  an 
opportunity  to  see  how  much  variation  is  possible  in  any  given  value.     The  preferred  values 
of  this  survey  are  underlined. 

The  temperatures  and  pressures  given  in  table  11-1  are  those  of  the  original 
articles.     The  user  should  be  aware  that  much  of  the  variation  in  values  is  due  to  the  use 
of  different  temperature   scales.     Scales  such  as  the  NBS-39,   the  NBS-55,   and  the 
IPTS-68  have  been  in  common  use.     These  scales  differ  by  about  0.  015K  for  temperatures 
up  to  40K.     Scales  in  use  at  some  laboratories  which  are  based  on  thermocouple  thermom- 
etry      occasionally  display  larger  differences.     Reconciliation  of  differences   in  property 
values  by  adjustment  of  temperatures  is  beyond  the  scope  of  this  survey  and  has  not  been 
accomplished  here. 
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12.      Mixture  Properties 

The  essential  data  elements  for  mixture  problems  are:     1.     properties  of  the  pure 
components,    2.      equilibrium  properties  of  mixtures,   and  3.      transport  properties  of 
mixtures.     The  properties  of  the  pure  components  have  been  described  in  the  present  report. 
The  equilibrium  properties  of  mixtures  include  excess  volumes,    excess  Gibbs  free  energies, 
and  excess  enthalpies.     In  a  bibliography  on  equilibrium  properties  which  is  nearly  com- 
pleted,  Hiza,  Kidnay  and  Miller  [Hiza,    et  al.  ]  provide  the  designer  with  a  complete 
reference  to  available  experimental  data  on  mixtures  of  cryogenic  interest.     The  data  are 
categorized  according  to  the  various  phase  equilibria,   gas  or  liquid  mixture  densities,   and 
mixture  enthalpies;   solubilities  are  thus  covered  in  this  volume.      For  the  transport  properties 
it  would  be  desirable  to  conduct  a  similar  survey,   however,    such  a  survey  is  not  planned  at 
present. 

A  few  references  that  may  be  of  particular  value  are  the  following:    Hoge  and 
Arnold  [454]  who  report  dew  and  bubble  points  of  Hs   HD  and  D3    mixtures;  Technical  Note  621 
by  Hiza  [77791]  on  the  He4-nDg  ,    the  He3-nDs  ,    the  He4-nH3  ,   and  the  He3-nH2    systems. 
Sherman  [Sherman,    1972]   is  presently  investigating  the  He4  and  He3    systems  with  nH2  ,    nD2  , 
and  nTj  .     A  number  of  hydrogen  mixtures  with  other  gases  have  been  surveyed  by  Esel'son, 
et  al.    [Esel'son,    et  al.  ,    1971].     Several  references  for  diffusion  coefficients  in  binary  liquid 
systems  will  be  available  when  the  compilation  of  Bailey,    et  al.   [Bailey,    et  al.]  is  published. 
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GA-2972,  PROJ.  NO.  39,  61  PP  11  FIG  2  TAB  35  REF 

14129  THE  SPECIFIC  HEAT  AT  CONSTANT  VOLUME  OF  PARA-HYDROGEN  AT 
TEMPERATURFS  FROi  15  TO  90  DEGREES  K  AND  PRESSURES  TO  340  ATM. 
YOUNGLOVE, 6. A.    DILLER,D.E. 

CRYOGENICS  VOL  2,  NO.  6,  348-52  (DEC  1962)  4  FIG  2  TAB  8  REF 

14130  MELTING  PRESSURE  EQUATION  FOR  THE  HYDROGENS. 
GOODWIN, R.  D. 

CRYOGENICS  VOL  2,  NO.  6,  353-55  (DEC  1962)  2  FIG  3  TAB  9  REF 

14954   VAPOR  PRESSURES  OF  THE  TRITIUM  LIQUID  HYDROGENS.  DEPENDENCE  OF 
HYDROGEN  VAPOR  PRESSURE  ON  MASS  OF  THE  MOLECULE. 
LI3BY,W.F.   BARTER, C. A. 
J.  CHEM.  PHYS.  VOL  10,  184-6  (1942)  3  FIG  1  TAB  3  REF 

15709   ON  THE  3RYSTAL  STRUCTURE  OF  PARA-HYDROGEN  AT  LIQUID  HELIUM 
TEMPERATURES. 

KEESOM.W.H.    DE  SMEOT,J.    MOOY.H.H. 
COMMUNS.  PHYS.  LAB.  UNIV.  LEIDEN  NO.  209D,  35-41  (1930)  5  TAB 

16332  THE  DIRECT  DETERMINATION  OF  THE  CRITICAL  TEMPERATURE  AND  CRITICAL 
PRESSURE  OF  NORMAL  DEUTERIUM.  VAPOR  PRESSURES  BETWEEN  THE  BOILING 
AND  CRITICAL  POINTS. 

FRIEDMAN, A. S.   WHITE, D.   JOHNSTON, H.L. 
J.  AM.  CHEM.  SOC.  VOL  73,  1310-1  (1951) 

16376   THERMAL  PROPERTIES  OF  DEUTERIUM  AND  ITS  COMPOUNDS. 
CLUSIUS,K. 
Z.  ELEKTROCHEM.  VOL  44,  21-31  (1938)  2  FIG  9  TAB  15  REF 

16708   SOLID  HELIUM  TRANSITION  TO  THE  METALLIC  STATE  AT  HIGH  PRESSURES. 
TRUBITSYN,  V.P.   'JLINICH  ,  F.  R. 
SOVIET  PHYS.  DOKLAOY  VOL  7,  NO.  1,  45-47  (1962) 

17393   TRANSPORT  PROPERTIES  OF  HE3,  HE4,  H2,  D2 ,  T2,  AND  NE  IN  THE 

LIQUID  STATE  ACCORDING  TO  THE  QUANTUM  MECHANICAL  PRINCIPLE  OF 

CORRESPONDING  STATES. 

KERRISK,J.F.    ROGERS, J. O.    HAMMEL,E.F. 

ADVANCES    IN    CRYOGENIC    ENGINEERING    VOL    9,    188-96     (PROC.     1963 

CRYOGENIC    ENG.     CONF.)     PLENUM    PRESS,     NEW    YORK    (1964)     PAPER    D-4, 

16037       THERMODYNAMIC    FUNCTIONS    FOR    TRITIUM    AND    TRITIUM    HYDRIDE.       THE 
EQUILIBRIUM    OF    TRITIUM    AND    HYDROGEN    WITH    TRITIUM    HYDRIDE.    THE 
DISSOCIATION    OF    TRITIUM    AND    TRITIUM    HYDRIDE. 
JONES, W.M. 
J.     CHEM.    PHYS.     VOL    16,    NO.    11,     1077-81     (NOV    1948) 
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19187   THERMODYNAMIC  AND  TRANSPORT  PROPERTIES  OF  LIOUIOS. 

EYRING,H.    HENDERSON, 0.    REE,T.    (UNIV.  UTAH,  SALT  LAKE  CITY) 
FROGRESS  IN  INTERNATIONAL  RESEARCH  ON  THERMODYNAMIC  AND 
TRANSPORT  PROPERTIES,  PAPERS  SYMP.  THEPMOPHYS.  PROPERTIES, 
2N0.,  PRINCETON,  N.J.  1962,  340-51  (MASI,J.F.   TSAI,D.H.  EDS.) 
ACADEMIC  PRESS,  N.Y.  (1962) 

19687   ELECTRICA.  INSULATION  AT  CRYOGENIC  TEMPERATURES. 
MATHES,K.N. 
ELECTRO-TECHNOL.  NEW  YORK  VOL.  72,  NO.  3,  72-77  (SEPT  1963)  8  FIG 

20547   SECOND  AND  THIRD  VIRIAL  COEFFICIENTS  FOR  HYDROGEN. 

GOODWIN,*. D.    DILLER,O.E.    RODER,H.M.    WEBER, L. A. 

J.     RES.     NATL.     3UR.    STANDARDS    VOL.    68A,     NO.     1,    121-26     (JAN-FEB 

1964)     4    FIG    5    TA3    14    RE  F 

21016       AN    APPROXIMATE    CELL     10DEL    FOR    LIQUID    HYDROGEN,     II. 
HENDERSON, D. 
PR9C.     NAT.     ACAD.    SCI.    U.S.     VOL    40,    487-92     (1963) 

21136       SOME    PROPERTIES    OF    SOLID    HYDROGEN    AT    SMALL    MOLAR    VOLUMES. 
AHLERS,GUENTER 

CALIF.     UNIV.,    LAWRENCE    RAD.    LAB.,    BERKELFY,     CALIF., 
REPT.     NO.     UCRL-10757     (SEPT    1963)     CONTR.    NO.    W-7405-ENG-48, 
133    dp     (ph.     D.     THESIS) 

21806       LAM6DA    ANOMALY    IN    THE    HEAT    CAPACITY    OF    SOLID    HYDROGFN    AT    SMALL 
MOLAR    VOLUMES. 

AHLERS.G.  ORTT!JNG,W.H.  (LAWRENCE    RAD.    LAB.,     UNIV.    CALIF., 

BERKELEY) 
PHY.    REV.     VOL.     133,     NO.     6A,     A1642-50     (MAR    1964)     13    FIG    23    RE F 

22219       SURFACE    TENSION    OF    OEUTEROHY OROGEN. 
GRIGORIEV, V.N. 
ZH.    EKSP.     TEOR.     FIZ.    VOL    45,    NO.     2,    98-100     (1963) 

22412       DIELECTRIC    POL A  PI ZA3ILI T Y    OF    FLUID    PARA-HYDROGEN. 
STEWART, J. W.  (UNIV.     VIRGINIA) 

J.     CHEM.    PHYS.     VOL.     40,     NO.     11,     3279-3306     (JUN    1964) 

22496        VISCOSITY    OF    LIQUID    HYDROGEN    ANO    DEUTERIUM. 
RUOENKO.N. S.  KONAREVA , V.G. 

ZHUR.     FIZ.     KHIM.     VOL.     37,    NO.     12,    2?6i-62     (1963)     2    FIG 

22667       ON    THE    ORTHO-PARA    CONVERSION    IN    SOLID    HYDROGEN. 
AHLERS,GUENTER       (CALIF.     UNIV.,    BERKELEY) 
J.     CHEM.     PHYS.     VOL    40,     NO.     10,     3123-24     (MAY     1964) 

22677       HEAT    CAPACITIES    OF    SOLID    DEUTERIUM     (33.1    PER    CENT-87.2    PER 

CENT    PARA)     FR01    L.5    DEGREES    K    TO    THE    TRIPLE    POINTS.       HEATS    OF 

FUSION    AND    HEAT    CAPACITY    OF    LIQUID. 

GRENIER,G.  WHITE, D. 

J.     CHEM.     PHYS.     VOL.     40,     NO.     10,     3015-30     (MAY    1964)     8    FIG    7    TAB 

22893       HEAT    CAPACITY    OF    SOLID    HD. 
GRENIER.G.        WHITE, O. 
J.     CHEM.    PHYS.     VOL    40,     NO.     11,     3451-2     (JUN     1964) 

23183       SURFACE    TENSION    OF    LIOUIO    HYDROGEN    ISOTOPES    AND    HYDROGEN- 
CEUTERIUM    SOLUTIONS. 
GRIGORIEV, V.N.  RUOENKO,N.S. 

ZHUR.     ESKPTL.     I    fTEORET.    FIZ.    VOL.    47,    NO.    1,    92-96    (JUL    1964) 
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23435  THE  DIFFERENCE  IN  VAPOUR  PRESSURE  BETWEEN  NORMAL  AND  EQUILIBRIUM 
HYDROGEN.  VAPOUR  PRESSURE  OF  NORMAL  HYDROGEN  BETWEEN  20  DEGREES 
K    ANO    32    DEGREES    K. 

VAN    ITTER8EEK,A.  VERBEKE,0.  THEEWES,F.  STAES,K. 

OEBOELPAEP,J. 
PHYSICA    VOL.    30,     NO.    6,     1238-44     (JUN    1 964)     5    FIG    4    TAB    9    REF 

23783       ORTHO-    AND    PARATRITIUM. 

ALBERS,E.W.       HARTECK.P.       REEVES, R.R. 

J.     AM.     CHEM.    SOC.     VOL    86,     NO.    2,    204-09     (JAN    1964) 

23790       PROPERTIES    OF    NORMAL    AND    PARAHYDROGEN. 

STEWART, R.B.  RODER,H.M.  (NBS,    BOULDER,     COLO.) 

TECHNOLOGY  AND  USES  OF  LIQUID  HYDROGEN,  CHAP.  11,  379-1*04 
(SCOTT, R.B.,  DENTON, W.H.  ANO  NICHOLLS, C. M.  EDS.)  PEPGAMON 
PRESS    INC.,    NEW    YORK     (1964)     17    FIG    3    TAB    33    REF 

23817       QUANTUM    STATISTICAL    MECHANICS    OF    ISOTOPE    EFFECTS. 
OPPENHEIM,!.  FRIEDMAN, A. S. 

J.    CHEM.     PHYS.     VOL.     35,     NO.     1,    35-40     (JUL    1961)     7    FIG    6    TAB    20    REF 

24553  TEXTURE  OF  HYDROGEN  ISOTOPE  FILMS  CONDENSED  ON  A  COOLED  BACKING. 
KOGAN.V.S.  8ULTAT0V,A.S.  IAKIMFNKO  ,  L .F . 

ZHUR.     EKSPTL.     I    TEORET.    FIZ.    VOL    46,    NO.    1,    148-52     (JAN    1964) 

25053       MEASUREMENTS    ON    THE    SURFACE    TENSION    OF    LIQUID    DEUTERIUM. 
VAN    ITTERBEEK.A. 
PHYSICA    VOL    7,     NO.    4,    325-8     (APR    1940) 

25302       RESEARCH    ON    RHEOLOGIC    AND    THERMODYNAMIC    PROPERTIES    OF    SOLID 
ANO    SLUSH    HYDROGEN. 
DWYER,R.F.       COOK, G. A. 

LINDE    CO.,     TONAWANDA,    N.    Y.,    TWELVE-MONTHS    REPT.     (OCT    1964) 
CONTR.     NO.     AF    3  3(6571-11098,     140    PP    25    FIG    28    TAB    36    REF 

25360       THE    PREFERENTIAL    ADSORPTION    AND    HETEROGENEOUS    SPIN    CONVERSION    OF 
ORTHOHYDR0GEN    ANO    PARADEUTERIUM    ON    ALUMINA    AT    20.4    DEGREES    K. 
EBERHART.J.G. 

OHIO    STATE    UNIV.,    COLUMBUS,    PH.    O.     THESIS.     ABSTR.     IN    DISS.    ABSTR. 
VOL    24,    2707-8     (1964) 

27064       SURFACE    TENSION    OF    PARA-HYDROGEN. 

GRIGOREV,V.N.        (ACAD.    SCI.,    UKR.     SSR) 

SOVIET    PHYS.    JETP    VOL    20,    NO.    2,    321-22     (FEB    1965)    2    FIG    3    REF 

27091       SOME    PHYSICAL    PROPERTIES    OF    LIQUIO    ANO    SOLID    HD. 
BRICKWEDDEjF.G.       SCOTT, R.B. 
PHYS.     REV.     VOL    55,    672     (1939) 

27674       MEASUREMENTS    OF    THE    VISCOSITY    OF    PARAHYDROGEN. 
DILLER,D.E.        (NBS,    BOULDER,    COLO.) 
J.     CHEM.    PHYS.     VOL    42,    NO.     6,     2089-2100     (MAR    1965) 

28408       DEUTERIUM    AND    TRITIUM    SATURATED-LIQUID    PVT    ACCOROING    TO    THE 
QUANTUM-MECHANICAL    PRINCIPLE    OF    CORRESPONDING    STATES. 
ROGERS, J. O.       BRI3KWEODE,F.G.        (LOS    ALAMOS    SCI.    LAB,    NEW    MEX.) 
J.    CHEM.    PHYS.     VOL    42,    NO.     8,    2822-25     (APR    1965) 

28604       RESEARCH    ON    RHEOLOGIC    AND    THERMODYNAMIC    PROPERTIES    OF    SOLID 
AND    SLUSH    HYDROGEN. 
OWYER,R.F.       COOK, G. A. 

LINOE  CO.,  TONAWANDA,  N.  Y. ,  QUART.  REPT.  NO.  7  (MAY  1965) 
CONTR.     NO.     AF    33 ( 657) -11098,     79    PP    17    FIG    19    TAB    26    REF 
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29055   OIFFRACTION  OF  X-RAYS  BY  POLYCRYSTALLINE  SAMPLES  OF  HYOKU(,tN 
ISOTOPES. 

KOGAN,V.S.   LAZAREV,9.G.   BUL ATOVA, R.F . 

SOVIET    PHYS.    JETP    VOL    10,     NO.    3,    £.85-88     (MAR    1960)     (TRANS. 
FROM    ZH.     EKSPERIM.    I    TEOR.    FIZ.     VOL    37,    678-83,    SEPT    1959) 

29210       THERMODYNAMIC    AN.O    RELATED    PROPERTIES    OF    PARAHYOROGEN    FROM    THE 
TRIPLE    POINT    TO    100    DEGREES    K    AT    PRESSURES    TO    340    ATMOSPHERES. 
RODER,H.M.        WEBER, L. A.       GOODWIN, R.O. 
NATL.     BUR.     STANDARDS    MONOGRAPH    94    (AUG    1965)     112    PP    7    FIG 

29550       MOLAR    VOLUME    OF    SOLID    PARAHYOROGEN    ALONG    THE    MELTING    LINE. 
OWYER,R.F.       COOK, G. A.       BERWALDT, O. E .       NEVINS,H.E.        (UNION 
CARBIDE    CORP.,     LINOE    DIV.,    RESEARCH    LAP.,    TONAWANDA,    N.     Y. ) 
J.     CHEM.    PHYS.     VOL    4  3 ,    NO.     3,    801-05     (AUG    1965) 

29574       NUCLEAR    MAGNETIC    RESONANCE    IN    SOLID    H2    AND    D2    UNDER    HIGH 
PRESSURE. 

DICKSON, S. A.       MEYER, H.        (DUKE    UNIV.,    DURHAM,    N.     CAROLINA) 
PHYS.     REV.     VOL     138,    NO    4A,    A1293-1302     (MAY    1965) 

29861       LIQUIO-SOLID    PHASE    EQUILIBRIA    IN    THE    HYDROGEN-DEUTERIUM    SYSTEM. 
WHITE, O.       GAINES, J. R. 
J.     CHEM.    PHYS.     VOL    42 ,    NO.     12,    4152-8     (JUN    1965) 

29881       PRESSURE-VOLUME-TEMPERATURE    RELATIONS    IN    SOLID    PARAHYOROGEN. 
COOK, G. A.       DWYER,R.F.       BERWALDT, O.E.       ET    AL.        (UNION    CARBIDE, 
LINDE    DIV.,     RES.    LAB.,     TONAWANDA,    N.Y.) 
J.     CHEM.     PHYS.,     >/OL    43,     NO.     4,     1313-16     (AUG    1965) 

30250  SURFACE    TENSIONS    OF    NORMAL    AND    PARA    HYDROGEN. 
CORRUCCINI.R. J. 

NAT.    BUR.     STAND.     TECH.     NOTE    NO.     322     (AUG    1965) 

30251  REFRACTIVE     INDEX    AND    DISPERSION    OF    LIQUID    HYDROGEN. 
CORRUCCINItR. J. 

NATL.     BUR.     STANOAROS    TECH.    NOTE    NO.     323     (SEPT    1965)     22    PP 

30327       HEAT    OF    FUSION    Oc    SOLID    PARAHYDROGEN. 

DWYER,R.F.       COOK, G. A.       SHIELDS, B.M.       ET    AL .        (UNION    CARBIDE 

CORP.,     LINDE    DIVISION,     TONAWANDA,    N.     Y.) 

J.     CHEM.    PHYS.     VOL    42,    NO.     11,     3809-12     (JUN    1965) 

30699       CHANGE     IN    THE    CRYSTAL    STRUCTURE    OF    SOLID    NORMAL    HYDROGEN    NEAR 
1.5    DEGRESS    K. 
CLOUTER.M.        GUSH, H. P. 
PHYS.     REV.     LETTERS    VOL    15,    NO.    5,    200-02     (AUG    1965) 

31008       METALLIZATION    OF    SOLID    ARGON    UNDER    COMPRESSION. 
GANDELMAN, G.M. 

SOVIET    PHYS.    JET3    (ENGLISH    TPANSL.)     VOL    21,    NO.     2,    501-03 
(AUG    1965).       ZH.     EKS°ERIM.     I    TEOR.    FIZ.    VOL    48,     NO.     2,     758-60 
(1965) 

31446       THE    PROPERTIES    OP    SOLIDIFIED    GASES    AT    HIGH    PRESSURF. 
STEWART, J. W.        (VIRGINIA    UNIV.,    CHARLOTTESVILLE) 

PHYSICS    OF    HIGH    PRESSURES    AND    THE    CONOENSED    PHASE,    CHAPT.    5,     189- 
240     (A.     VAN    ITTERBEEK,     EO. )       NORTH    HOLLAND    PUBL.     CO.,    AMSTERDAM 
(1964) 

32140       VAPOR    PRESSURE    RELATION    UP    TO    THE    CRITICAL    POINT    OF    H,     D,    AND 
T,     AND    THEIR    DIATOMIC    COMBINATIONS. 

MITTLEHAUSER,H.M.       THOOOS.G.     (NORTHWESTERN    UNIV.,     EVANSTON,     ILL.) 
CRYOGENICS    VOL    4,    NO.    6,     368-73     (1964) 
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32363   THE  POL ARIZABIL IT Y  OF  THE  HYDROGEN-ISOTOPES  ANO  OF  ORTHO  AND 
PARA  HYDROGEN. 

HERMANS, L. J. F.   IE  G300T.J.J.   KNAAP.H.F.P.   BEENAKKER, J.J.M . 
(KAMERLINGH  ONNES  L A30RA TORIUM ,  LEIDEN,  NETHERLANDS) 
PHYSICA  VOL  31,  NO.  10,  1567-71*  (OCT  1965) 
ALSO  IN.  COMMUNS.  KAMERLINGH  ONNES  LAB.  UNIV.  LEIDEN  NO.  3446 

32387   SPEED  OF  SOUND  IN  FLUIO  PARAHYDROGEN. 

Y0UNGL0VE,6.A.   (NATIONAL  BUREAU  OF  STANOARDS,  CRYOGENIC 

ENGINEERING  LAB.,  BOULDER,  COLO.) 

J.  ACOUST.  SOC.  AM.  VOL  38,  NO.  3,  433-8  (SEP  1965) 

32738   THE  SHEAR  STRENGTHS  OF  SOME  SOLIDIFIED  GASES. 
TOWLE,L.C.    (VIRGINIA  UNIV.,  CHARLOTTESVILLE) 
PHYS.  CHEM.  SOLIDS  VOL  26,  NO.  3,  659-63  (1965) 

32807   CRYSTAL  STRUCTURE  OF  SOLID  DEUTERIUM  FROM  NEUTRON-DIFFRACTION 
STUDIES. 

MUCKER, K.F.    TALHOUK.S.    HARRIS, P.M.    ET  AL    (OHIO  STATE 
UNIVERSITY,  COLUMBUS) 
PHYS.  REV.  LETTERS  VOL  15,  NO  14,  586-8  (OCT  1965)   1  FIG   1*.  REF 

32872   CRYSTAL  STRUCTURE  OF  NORMAL  HYDROGEN  AT  LOW  TEMPERATURES. 

MILLS,  R.L.    SCH'JCH,  A.F.    (LOS  ALAMOS  SCIENTIFIC  LAS.,  N.  MEX.) 
PHYS.  REV.  LETTERS  VOL  15,  NO.  18,  722-4  (NOV  1965)   2  TAB   9  REF 

33765   SURFACE  TENSION  OF  HYDROGEN  NEAR  THE  CRITICAL  POINT. 
BLAGOI,YU.P.   PASHKOV,V.V. 
ZH.  EKS3.  TEOR.  FIZ.  VOL  49,  NO.  5,  1453-6  (NOV  1965) 

34228   ON  THE  SURFACE  TENSION  OF  ISOTOPIC  MIXTURES. 
BELLEMANS,A.   FUKS,S. 
J.  CHEM.  PHYS.  VOL  44,  NO.  2,  834-5  (JAN  1966) 

3<+352   RESEARCH  ON  RHEOLOGIC  ANO  THERMODYNAMIC  PROPERTIES  OF  SOLIO  AND 
SLUSH  HYDROGEN. 
DWYER.R.F.    COOK, G. A. 

LINDE  CO.,  TONAWANDA,  N.  Y. ,  REPT.  NO.  AFAPL  -TR-65-82  (OCT  1965) 
CONTR.  NO.  AF33  (657)-11098,  1  VOL. 

34613   THERMODYNAMIC  PROPERTIES  OF  GASEOUS  HYDROGEN  FROM  EXPERIMENTAL 
DATA  OF  STATE. 
WHITE, 0.    JOHNSTON, H.L. 

CRYOGENIC  LAB.,  OHIO  STATE  UNIV.  RESEARCH  FOUNDATION,  COLUMBUS, 
REPT.  NO.  TR264-26  (MOV  1953)  CONTR.  NO.  W-33-0 3 8- AC-14794 
(16243),  69  PP 

35559   LOW-TEMPERATURE  TRANSPORT  PROPERTIES  OF  GASEOUS  H2,  D2,  AND  HD . 
DILLER.D.E.    MASON, E. A.    (MARYLAND  UNIV.,  COLLEGE  PARK) 
J.  CHEM.  PHYS.  VOL  44,  NO.  7,  2604-09  (APR  1966) 

^5812   THE  CRYSTAL  STRUCTURES  OF  SOLID  HYDROGEN  AND  SOLID  DEUTERIUM  IN 
THIN  FILMS. 

CURZON,A.E.    MASCALL,A.J.    (IMPERIAL  COLL.,  LONDON, 
ENGLAND,  DEPT.  OF  PHYSICS) 

9RIT.     J.    APPL.     PHYS.     VOL    16,    1301-9     (SEP    1965)     (ABSTR.     IN 
eATTELLE    TECH.     REV.     VOL     14,    NO.     12,     369A,    DEC    1965) 

36823       INDUCED    ABSORPTION    IN    THE    INFRA-RED. 

COLPA,J.P.  (KONINKLIJKE/SHELL-LABORATORIUM,    AMSTERDAM, 

NETHERLANDS) 

PHYSICS    OF    HIGH    PRESSURES    AND    THE    CONDENSED    PHASE,    JOHN    WILEY 

AND    SONS,     INC.,     NEW    YORK,     N.    Y.     (1965)        PP    490-524       6    FIG 

5    TAB       83    REF 
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37741       CRYSTAL    STRUCTURE    OF    DEUTERIUM    AT    LOW    TEMPERATURES. 

SCHUCH,A.F.  MILLS, R.L.  (LOS    ALAMOS    SCIENTIFIC    LAB.,     N.    MEX.) 

PHYS.     REV.     LETTERS    VOL    16,    NC.     14,     616-18     (APR    1966) 

38237       TEMPERATURE-ENTROPY    OIAGRAM    FOR    PARAHYDROGEN    TRIPLE-FOINT    REGION. 
SINDT,C.F.  MANN, D. 3. 

NATIONAL    BUREAU    OF    STANDAROS,    BOULDER,     COLO.,    TECH.     NOTE    343 
(JUN    1966)       6    PP 

38338       COMPARISON    OF    SATURATED-LIQUID    VISCOSITIES    OF   LOW    MOLECULAR 

SUBSTANCES    ACCORDING    TO    THE    QUANTUM    PRINCIPLE    OF    CORRESPONDING 

STATES. 

ROGERS, J. D.  3RICKWEDDE,F.G.  (LOS    ALAMOS    SCIENTIFIC    LAB., 

N.     MFX.) 

PHYSI3A    VOL    32,     NO.     6,     1001-18     (JUN    1966)     5    FIG       8    TAB       73    REF 

38726       CRYSTAL    STRUCTURE    OF    SOLID    HYDROGFN    AND    OEUTFRIUM,    AND    OF 
NEON-HYDROGEN    ANO    NEON- DE UTERIUM    MIXTURES. 

BARRETT, C.S.  MEYER, L.  WASSERMAN,J.  (INSTITUTE    FOR    THE 

STUDY    OF    METALS,    CHICAGO    UNIV.,    ILL.) 
J.    CHEM.     PHYS.     VOL    45,     NO.     3,    834-7     (AUG    1966)     1    FIG       3    TAB 

38751       THE    THERMAL    CONDUCTIVITY    OF    SOLID    AND    LIQUID    PARAHYDROGEN. 

CWYER,R.F.  COOK, G. A.  BERWALDT, O.E.  (LINOE    CO.,    TONAWANDA, 

N.     Y.) 

J.     CHEM.    ENG.     3ATA    VOL     11,     NO.     3,    351-3     (JUL    1966)     2    FIG       1    TAB 

40029       THERMODYNAMIC    PROPERTY    CHARTS    OF    SATURATED    LIQUIO    PARAHYOROGEN 
IN    BRITISH    UNITS. 
MCCARTY, R.D.  ROD£R,H.M. 

NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,     COL  0.  ,  Unpublished  report 
(NOV    1966) 

40  176       PHASE    TRANSITION    IN    A    HYDROGEN    CRYSTAL. 

TRUBITSYN, V.P.  SCHMIDT , 0. YU.  (GEOPHYSICS    INST.,     ACADEMY    OF 

SCIENCES,     MOSCOW,    USSR) 

SOVIET    PHYS. -SOLID    STATE    VOL.    8,    NO.    3,    688-90     (SEP    1966). 
TRANSL.     OF    FIZ.     TVER?).     TELA    VOL.     8,     NO.     3,     862-5     (MAR    1966). 

40311       ELECTRICAL    CONDUCTIVITY    OF    SOME    CRYOGENIC    FLUIDS. 

WILLIS, W.L.  (LOS    ALAMOS    SCIENTIFIC    LAB.,     N.    MEX.) 

CRYOGENICS    VOL.     6,    NO.     5,    279-84     (OCT    1966)       4    FIG       3    TAB 

40966       THERMAL    DIFFUSION    IN    SOME    BINARY    MIXTURES    OF    THE    HYDROGEN 
ISOTOPES. 

GREW,K.E.  HUMPHREYS, A. E-  (EXETER    UNI V.  ,    DEVON,    ENGLAND) 

J.     CHEM.    PHYS.     VOL    45,    NO.     11,    4267-73     (DEC    1966)       6    FIG      2    TAB 

41169       PRELIMINARY    REPORT    ON    THE    THERMODYNAMIC    PROPERTIES    OF    SELECTED 
LIGHT-ELEMENT    ANO    SOME    RELATED    COMPOUNDS,        (SUPPLEMENT    TO    NBS 
REPORTS    6297,     6484,     6645,     6928,     7093,    7192,     7437,     7587,     7796, 
8033,     8186,     8504,     8628,     8919,    ANO    9028) 
NATIONAL    BUREAU    OF    STANDARDS 

NATIONAL    BUREAU    OF    STANDARDS,    WASHINGTON,     D.    C. ,  Unpublished  report 
(JUL    1966) 

42002       VISCOSITY    OF    LIQUID    OEUTEROH YDROGEN. 

RUOENKO,N.S.  KONAREVA , V. G.  (PHYSICOTECHNICAL    INST.,     ACADEMY 

OF    SCIENCES    OF    THE    UKPSSR,    KHARKOV) 

RUSS.     J.     PHYS.     CHEM.     VOL    40,    NO.     8,    1058-9     (1966)       TRANSL.     OF 
ZH.    FIZ.    KHIM.     VOL    40,     NO.    8,    1969     (1966) 

43099       MEASUREMENTS    ON    THE    CAPILLARITY    OF    LIQUID    HYDROGEN. 
ONNES.H.K.       KUYPERS,H.A. 
COMMUN.    PHYS.    LAB.    UNIV.    LEIDEN,    NO.    1420     (1914) 
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1*3353       OENSITY    CHANGES    IN    SOLID    H2. 

JARVIS.J.  RAMM.D.  MEYER, H.  (DUKE    UNIV.,    DURHAM,    N.C.) 

PHYS.    REV.     LETTERS    VOL    18,    NO.    4,    119-21    (JAN    1967)       2    FIG       1    REF 

43557       CRYSTAL    STRUCTURE    OF    HYDROGEN    ISOTOPES. 

BOSTANJ0GLO,O.  KLEINSCHMIDT,R.  (BERLIN    TECHNISCHE 

UNIVERSITAT,    GERMANY) 

J.    CHEM.    PHYS.     VOL    46,    NO.    5,    2004-5    (MAR    1967)        3    TAB       8    REF 

i*376i.       THE    THERMODYNAMIC    PROPERTIES    OF    DEUTERIUM. 
PRYDZ,R. 

NATIONAL    BUREAU    OF    STANDARDS,    BOULOER,     COLO. ,  Unpublished  report 
(APR   1967) 

47292       THE    VISCOSITY    MEASUREMENT    OF    HYDROGEN    ISOTOPES    ALONG    A    LIQUID- 
VAPOR    EaUILIBRIUM    CURVE. 
KONAREVA,V.G.       RUDENKO,N.S. 
ZH.    FIZ.    KHIM.     VOL    41,    NO.    9,    2387-8    (SEP    1967* 

47572       ON    THE    LAMBDA-ANOMALY    IN    HYDROGEN    AND    DEUTERIUM. 

SCHUCH,A.F.       MILLS, L.       OEPATIE.D.        (LOS    ALAMOS    SCIENTIFIC 
LAB.,     NEW    MEXICO) 

INTERNATIONAL    CONGRESS    OF    REFRIGERATION    12TH,    MADRID,    SPAIN 
(AUG   30    -    SEP    6,    1967)    COMMISSION   1    MEETING,    PAPER    NO.    1.21 

47659       VELOCITY    OF    LONGITUDINAL    AND    TRANSVERSE    ULTRASONIC    WAVES    IN 
POLYCRYSTALLINE    NORMAL    HYDROGEN. 

BEZUGLYI,P. A.       MINYAFAE V ,R. KH.        (AKADEMIYA    NAUK    UKRAINSKOI 
SSR,    KHARKOV.       FIZIKO-TEKHNICHESKII    INSTITUT    NIZKIKH    TEMPERATUR) 
SOVIET    PHYS-SOLIO    STATE    VOL    9,    NO.     2,    480-2     (AUG    1967) 
TRANSL.    OF    FIZ.    TVERO.    TELA    VOL    9,    NO.     2,    624-7     (FEB    1967) 

47821       PRESSURE    CHANGES    ACCOMPANYING    THE    PHASE    TRANSITIONS    IN    SOLID 
H2    AND    02. 

JARVIS,J.F.  RAMM,D.  MEYER, H.  MILLS, R.L.  (DUKE    UNIV., 

DURHAM,    N.     C) 
PHYS.     LETTERS    VOL    25A,    NO.    9,    692-3     (NOV    1967) 

47933       INSTABILITY    AND    MELTING    OF    THE    ELECTRON    SOLID. 
VAN    H0RN,H.M.  (ROCHESTER    UNIV.,    N.    Y.) 

PHYS.    REV.     VOL     157,     NO.     2,    342-9    (MAY    1967) 

49619       THERMODYNAMIC    PROPERTIES    OF    SATURATED    LIQUID    PARAHYOROGEN 
CHARTED    FOR    IMPORTANT    TEMPERATURE    RANGE. 
NATIONAL    AERONAUTICS    AND    SPACE    ADMINISTRATION 

NATIONAL    AERONAUTICS    AND    SPACE    ADMINISTRATION,     WASHINGTON,    D.    C. , 
TECH.     BRIEF    NO.     367-10346       (SEP    1967) 

49657      MECHANICAL    PROPERTIES    OF    SOLID   PARA-HYDROGEN    AT    4.2    DEGREES    K. 
BOLSHUTKIN,D.N.  STETSENKO, YU. E.  LINNIK,Z.N.  (PHYSICOTECH- 

NICAL     INST.     FOR    LOW    TEMPERATURES,    KHARKOV,     USSR) 

SOV.    PHYS.    SOLIO    STATE    VOL    9,    NO.    9,    1952-5     (MAR    1968)       TRANSL. 
OF    FIZ.    TVERD.     TELA    VOL    9,    NO.    9,    2842-6    (SEP    1967) 

5H155       THE    SPECIFIC    HEAT    OF    HYDROGEN    AT    PRESSURES    UP    TO    500    ATM    IN    THE 
RANGE    20-70    DEGREES    K. 

ORLOVA,M.P.       A3TR0V,0.N.       MEDVEDE V, V. A .       DEDIKOV.Y.A.       (INSTITUT 
FIZIKO-TEKHNICHESKII    I    RADIOTEKHNIKI    MEASUREMENTS    MOSCOW,    SSSR) 
CRYOGENIC    ENGINEERING    -    PRESENT    STATUS    ANO    FUTURE    DEVELOPMENT 
(PROC.    OF    THE    INTERNATIONAL    CRYOGENIC    ENGINEERING    CONF.     1ST, 
TOKYO    AND    KYOTO,    JAPAN,     APR    9-13,    1967)     HEYWOOD    TEMPLE    INDUSTRIAL 
PUBLICATIONS,    LTO.,    LONDON,    ENGLAND     (1968)     PP    50-2 
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5102^   VELOUliY  OF  SCUNO  ANO  ELASTIC  PROPERTIES  OP  NORMAL 
POLYCRYSTALLINE  DEUTERIUM. 

8EZUGLYI,P.A.    MINYAFAEV,R. KH.    (AKADEMIYA  NAUK  UKRAINSKOI  SSR, 
KHARKOV.   FIZIKO-TEKHNICHESKII  INSTITUT  NIZKIKH  TEMPERATUR) 
SOV.  PHYS.  SOLID  STATE  VOL  9,  NO.  12,  285<»-5  (JUN  1968)   TRANSL- 
OF  FIZ.  TVERD.  TELA  VOL  9,  NO.  12,  3622-5  (DEC  1967) 

52135   POLARIZABILITY,  DIELECTRIC  CONSTANT,  PRESSURE,  AND  OENSITY  OF  SO- 
LID PARAHYDROGEN  ON  THE  MELTING  LINE. 

YOUNGLOVE,B.A.    (NATIONAL  BUREAU  OF  STANDARDS*  BOULOER,  COLO. 
INST.  FOR  MATERIALS  RESEARCH) 
J.  CHEM.  PHYS.  VOL  «»8,  NO.  9,  M81-6  (MAY  1968*   3  FIG   3  TAB 

53755   STRUCTURES  OF  SOLID  DEUTERIUM  A80VE  AND  BELOW  THE  LAMBDA  TRANS- 
ITION AS  DETERMINED  3Y  NEUTRON  DIFFRACTION. 

MUCKER, K.F.    HARRIS, P.M.    WHITE, D.    ERICKSON.R. A.    (OHIO 
STATE  UNIV.,  COLUMBUS.    DEPT.  OF  CHEMISTRY) 
J.  CHEM.  PHYS.  VOL  <»9,  NO.  «»,  1922-31  (AUG  1968)   «t  FIG   5  TAB 

5M31   THERMAL  DIFFUSION  IN  POLYATOMIC  GASES.  NONSPHERICAL  INTERACTIONS. 
MONCHICK.L.    SANDLER, S.I.    MASON, E. A.    (JOHNS  HOPKINS  UNIV., 
SILVER  SPRING,  MO.) 
J.  CHEM.  PHYS.  VOL  «»9,  NO.  3,  1178-8'*  (AUG  1968)   2  FIG   27  REF 

5«»5<»6   REFRACTIVE  INDEX  OF  GASEOUS  AND  LIQUID  HYDROGEN. 

DILLER,D.E.    (NATIONAL  BUREAU  OF  STANOARDS,  BOULDER,  COLO.) 

J.  CHEM.  PHYS.  VOL  <»9,  NO.  7,  3096-105  (OCT  1988)   5  FIG   12  TAB 

5«»572   NEUTRON  OIFFRACTION  INVESTIGATIONS  OF  HYDROGEN  ISOTOPES  FROM 
<».2  TO  0.91  DEGREES  K. 

BULATOV,A.S.    KOGAN,V.S.    (AKADEMIYA  NAUK  UKRAINSKOI  SSR, 
KHARKOV.   FIZIKO-TEKHNICHESKII  INSTITUT) 

SOV.  PHYS.  JETP  VOL  27,  NO.  2,  210-2  (AUG  1968)   TRANSL.  OF 
ZH.  EKSP.  TEOR.  FIZ.  VOL  5«»,  390-5  (FEB  1968) 

55«t79   METALLIC  HYDROGEN.  A  HIGH-TEMPERATURE  SUPERCONDUCTOR. 
ASHCROFT,N.W. 
PHYS.  REV.  LETT.  VOL  21,  NO.  26,  17«t8-9  (DEC  1968) 

57921   REFRACTIVE  INDEX  OF  LIQUID  DEUTERIUM. 

CHILDS.G.E.    OILLER.D.E.    (NATIONAL  BUREAU  OF  STANDARDS, 
BOULDER,  COLO.   CRYOGENICS  DIV.) 

CRYOGENIC  ENGINEERING  CONFERENCE  15TH,  LOS  ANGELES,  CALIF. 
(JUN  16-18,  1969)   PAPER  D-2   12  PP 

59955   DENSITY  OF  LIQUIO  DEUTEROHYDROGEN. 
RUDENKO,N.S.    SLYUSAR,V.P. 
ZH.  FIZ.  KHIM.  VOL  «»3,  NO.  3,  781-2  (1969) 

62125   METALLIC  HYDROGEN. 

SCHNEIDER, T.    (SWISS  FEOERAL  INST.  OF  TECH.,  ZURICH) 
SOLID  STATE  COMMUN.  VOL  7,  NO.  12,  875-6  (JUN  1969) 

63091   FORMULATION  OF  A  NONANALYTIC  EQUATION  OF  STATE  FOR  PARAHYDROGEN. 
GOODWIN, R.O.    (NATIONAL  BUREAU  OF  STANDARDS,  BOULDER,  COLO. 
INST.  FOR  BASIC  STANDARDS) 

J.  RES.  NAT.  BUR.  STDS.  SEC.  A,  VOL  73,  NO.  6,  585-91  (NOV-OEC 
1969)   19  REF  k    FIG   6  TAB 

63093   FAR-INFRARED  ABSORPTION  IN  LIQUID  HYDROGEN. 

JONES, M.C.     (NATIONAL  BUREAU  OF  STANDARDS,  BOULDER,  COLO. 

INST.  FOR  BASIC  STANOARDS) 

J.  CHEM.  PHYS.  VOL  "=1,  NO.  9,  3833-i*  (NOV  1969* 
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6U932       OENISTY    ANO    SOUNT    VELOCITY    OF    SATURATED    LIQUID    NEON-HYOROGEN 
AND    NEON-DEUTERIUM    MIXTURES    BETWEEN    25    AND    31    K. 
GUSEWELL.D.  SCHMEISSNER,F.  SCHMIO,J.  (EUROPEAN 

ORGANIZATION    FOR    NUCLEAR    RESEARCH,     GENEVA,     SWITZERLAND) 
CRYOGENICS     VOL     10,    NO.     2,     150-£t     (APR    1970)        15    REF       <♦    FIG      2    TAB 

6552i»       MEASUREMENT    OF     (DIFFERENTIAL    P/DIFFERENTIAL    T)     (V)     AND    RELATED 
PROPERTIES    IN    SOLIDIFIED    GASES.       III.    SOLID    D(2). 
RAMM,D.  MEYER, H.  MILLS, R.L.  (DUKE    UNIV.,    DURHAM,    N.    C. 

DEPT.     OF    PHYSICS) 
PHYS.     REV.     B    VOL    1,     NO.     6,    2763-76     (MAR    1970) 

65729       THERMAL    CONDUCTIVITY    OF    GASEOUS    AND    LIOUIO    HYDROGEN. 

RODER.H.M.  DILLER,O.E.  (NATIONAL    BUREAU    OF    STANDARDS, 

BOULDER,    COLO.        INST.    FOR    BASIC    STANDARDS) 

J.     CHEM.     PHY<:.     VOL    52,    NO.     11,    5928-1*9     (JUN    1970)       18    REF 

658^2       FAR    INFRARED    A3S0RPTI0N    IN    LIQUEFIED    GASES. 

JONES, M.C.  (NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,    COLO.        INST. 

FOR   BASIC    STANDARDS) 

NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,     COLO.,    TECH.    NOTE    390 
(APR    1970)        39    PP 

65872       METALLIC    HYDROGEN    I. 
SCHNEIDER, T. 
HELV.     PHYS.     ACTA    VOL    i»2 ,     NOS.    7-8,    957-89     (1969) 

66761       DIELECTRIC    CONSTANTS    OF    ORTHO-HYDROGEN    -    PARA-HYDROGEN    LIQUID 
SOLUTIONS    IN    THE    1^-20    DEGREES    K.    RANGF. 
KOGAN.V.S.  MILENKO.U.A. 

UKR.    FIZ.     ZH.     VOL    1«»,    NO.     11,    1927-8    (1969) 

68001       PLASTIC    DEFORMATION    AND    STRESS    RELAXATION    IN    SOLID    NORMAL 
DEUTERIUM. 

60LSHUTKIN,0.N.  STETSENKO, YU. E.  ALEKSEE VA,L . A.  (AKAOEMIYA 

NAUK    UKRAINSKOI    SSR,    KHARKOV.       F IZIKO- TEKHNCHESKII    INSTITUT 
NIZKIKH    TEMPERATUR) 

SOV.    PHYS.     SOLID    STATE    VOL    12,     NO.     1,     119-22    (JUL    1970).    TRANSL. 
FIZ.    TVERO.    TELA    VOL    12,    NO.     1,     151-5     (JAN    1978) 

683ti6       DIE    WARMELEITFAHIGKEITEN    VON    REINEM    PARA-UND    ORTHO-W ASSER- 

STOFFGAS    JND    IHR£N    GZMISCHEN    BEI    21    DEGREES    K.»"THE    THERMAL 
CONDUCTIVITY    OF    PURE    PARA    ANO    ORTHOHYDROGE N    ANO    THEIR    MIXTURES 
AT    21    DEGREES    K. 

MULLER.K.H.  E ICHENAUER, W.  HEINZINGER,K .  KLEMM,A.  (MAX- 

PLANCK    INSTITUT    FUER    CHEMIE,    MAINZ,    WEST    GERMANY.       OTTO    HAHN 
INSTITUT) 
Z.     NATURFORSCH.     VOL    25A,    NO.    2,     2*f7-51     (FEB    1970) 

68582       THERMAL    CONDUCTIVITY    OF  SOLID    HYDROGEN. 

BOHN,R.G.  MATE,C.F.  (OHIO    STATE    UNIV.,     COLUMBUS.       DEPT.    OF 

PHYSICS) 

PHYS.    REV.     B    VOL    2,    NO.  6,    2121-6    (SEP    1970)       tO    REF       5    FIG 

68779       ISOTHERMAL    COMP RESSI9ILITY    OF    SOLIO    PARAHY OROGEN. 

UD0VIDCHENK0,8.G.  MANZHELII , V. G.  (AKADEMIYA    NAUK    UKRAINSKOI 

SSR,    KHARKOV.       FI ZIK3-TEKHNICHESKII    INSTITUT) 

J.    LOW    TEMP.    PHYS.    VOL    3,     NO.    <♦,     i»29-38     (OCT    1970)       16    REF 

68981       DIELECTRIC    LOSS    AND    VOLTAGE    BREAKDOWN    IN    LIQUIO    NITROGEN    AND 
HYDROGEN. 

JEFFERIES,M.J.  MATHES,K.N.  (GENERAL    ELECTRIC    CO., 

SCHENECTADY,    N.     Y.) 
IEEE    TRANS.    ELEC.     INSUL.    VOL    EI-5,    NO.     3,    83-91     (SEP    1970) 
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696<»3       SPECIFIC    HEAT    OF    THE    LIQUID    MIXTURES    OF    NEON    AND    HYDROGEN 

ISOTOPES    IN    THE    PHASE-SEPARATION    REGION    II.    THE    SYSTEM    NE-D<2). 
BROUWER,J.P.  VOSSE°OEL,A.M.  VAN    DEN    ME IJDENBERG, C. J . N. 

BEENAKKER,J.J-1.  (LEIDEN    RIJKSUNI VERSITE IT,    NETHERLANDS. 

KAMERLINGH    ONNES    LA3.) 
PHYSICA    VOL    50,    NO.     1,     125-<*8    (NOV    1970)        20    REF       19    FIG 

697<t*t       LITHIUM    OIHYDROGEN    FLUORIDE-AN    APPROACH    TO    METALLIC    HYDROGEN. 
GILMAN,J.J.  (ALLIED    CHEMICAL    CORP.,    MORRISTOMN,     N.    J. 

MATERIALS    RESEARCH    CENTER) 
PHYS.     REV.     LETT.     VOL    26,    NO.     10,    5^6-8     (MAR    1971)       8    REF      1    FIG 

71082       VAPOR    PRESSURES    OF    LIQUIO    ORTHO-PARA    SOLUTIONS    OF    DEUTERIUM, 

EXCESS    THERMODYNAMIC    FUNCTIONS    AND    INTERMOLECUL AR    FORCE    CONSTANTS 
MECKSTROTHjW.K.  WHITE, D.  (PENNSYLVANIA    UNIY.,     PHILADELPHIA. 

DEPT.     OF    CHEMISTRY) 
J.    CHEM.    PHYS.     VOL    Sk,    NO.    9,    3723-9    (MAY    1971)       30    REF      2    FIG 

73126       THERMAL    CONDUCTIVITY    OF    SOLID    ARGON,    DEUTERIUM,     ANO    METHANE    FROM 
ONE-DIMENSIONAL    FREEZING    RATES. 

DANEY.D.E.  (NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,    COLO. 

INST.     FOR    BASIC    STANDARDS) 
CRYOGENICS     VOL     11,    NO.    ^ ,     290-7     (AUG    1971)        23    REF      7    FIG 

7^127       THE    VISCOSITY    ANO    THERMAL    CONDUCTIVITY    COEFFICIENTS    OF    NINE 
FLUIDS.    PRELIMINARY    VALUES. 
ANGERHOFER,P.E.  HANLEY , H. J.M. 

.    NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,     COL  0. ,  Unpublished  report 
(AUG    1971) 

7kl78       THERMODYNAMIC    PROPERTIES    OF    COMPRESSEO    SOLID    HYDROGEN. 
NEECE,G.A.       ROGERS, F, J.       HOOVER, W.G. 
J.     COMPUT.     PHYS.     VOL    7,     NO.     3,    621-36    (JUN    1971) 

75211       SPECIFIC    HEATS    OF    SOLIO    HYOROGEN,    SOLID    DEUTERIUM,    ANO    SOLID 
MIXTURES    OF    HYDROGEN    AND    DEUTERIUM. 

ROBERTS, R.J.       DAUNT, J. G.        (STEVENS    INST.    OF    TECH.,    HOBOKEN,     N.    J. 
CRYOGENICS    CENTER) 
J.    LOW    TEMP.     PHYS.     VOL    6,    NO.    1-2,     97-130     (JAN    1972) 

76172       TRANSITION    OF    HYOROGEN    TO    THE    METALLIC    STATE. 
DYNIN,E. A. 
SOV.    PHYS.     SOLID    STATE    VOL    13,    NO.     8,    2089-90    (FEB    1972) 

7637i»       EFFECTIVE    CROSS-SECTION    IN    ORTHO-PARAHYDROGEN    MIXTURES. 
CA^ANI,M.        (YALE    UNIV.,     NEW    HAVEN,    CONN.) 
HELV.     PHYS.    ACTA    VOL    *♦«» ,    NO.    <♦,    «7-50     (1971) 

77k^h       THE    THERMAL    CONDUCTIVITY    OF    PURE    ORTHO    ANO    PARAOEUTERIUM    GAS    ANO 
THEIR    MIXTURES    AT    18. k,     19.6    AND    21.0    K. 
UE3ELHACK.W.       EICHENAUER, W.       HE INZINGE R, K.       KLEMM,A. 
Z.     NATURFORSCH.     VOL    26A,    NO.     8,     1303-6     (AUG    1971) 

77791       LIQUID-VAPOR    EQUILIBRIUM    IN    THE    BINARY    SYSTEMS    OF    HEC»)     AND    HE(3) 
WITH    N|D(2)     AND    NH(2). 
HIZA,M. J. 
NAT.    BUR.    STAND.     (U.S.)     TECH.    NOTE    NO.     621     (JUL    1972) 

78262       A    COMPILATION    OF    SELECTED    THERMOPHYSICAL    PROPERTIES    OF    DEUTERIUM. 
LUOTKE,P.R.  ROOER,H.M. 

NATIONAL    BUREAU    OF    STANDARDS,    BOULDER,    COLO.,    CRYOGENICS    DIV. 
Unpublished  report  (OCT  1971) 
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78271       EQUATION    OF    STATE    FOR    DENSE    HYDROGEN    FROM    ZERO    TO    10,000 
DEGREES    K. 

ROGERS, F.J.  NEECE.G.A.  HOOVER, W.G.  ROSS,M. 

CALIFORNIA    UNIV.,    LIVERMORE,    LAWRENCE    RADIATION    LAB.,    REPT. 
NO.    UCRL-50985     (1971)        4    PP 

7851*5       INFLUENCE    OF    ORIENT ATIONAL    ORDERING    OF    MOLECULES    ON    THE 
MECHANICAL    PROPERTIES    OF    HYDROGEN. 
STETSENKO, YU.E.        BOLSHUTKIN, D. N.       INDAN,L.A. 
SOV.    PHYS.     SOLID    STATE    VOL    12,    NO.     12,     2958-9    <JUN    1971) 
TRANSL.     OF    FIZ.     TVERO.     TELA    VOL    12,     NO.     12,     3636-7     (CEC    1970) 

78543       VELOCITIES    OF    ULTRASONIC    WAVES    IN    POLYCRYST ALLINE    PARA-HYDROGEN. 
BEZUGLYI,P.A.        PL AKHOTI N, R. O.       T ARA SENKO,L . M.        (ACADEMY    OF 
SCIENCES    OF    THE    UKRAINIAN    SSR,    KHARKOV.       PHYSICOTECHNICAL    INST. 
OF    LOW    TEMPERATURES) 

SOV.     PHYS.     SOLID    STATE    VOL    13,    NO.     1,     250-2     (JUL    1971) 
TRANSL.     OF    FIZ.     TVERO.     TELA.     VOL    13,    NO.    1,     309-11     (JAN    1971) 

79779       A    NOMOGRAM    FOR    THE    DETERMINATION    OF    THE    MOLAR    VOLUME    OF    SOLID 
PARAHYDROGEN    AT    DIFFERENT    PRESSURES    AND    TEMPERATURES. 
BURSHTEIN,L.  RABINOVICH , V.  (ALL    UNION    PHYSICO-TECH.     AND 

RADIO-TECH.     MEASUREMENTS    INST.,     MOSCOW) 
RUSS.     J.    PHYS.     CHEM.     VOL    45 ,    NO.     8,     12  0  3    (AUG   1971) 
TRANSL.     OF    ZH.     FIZ.     KHIM.     VOL    45 ,    NO.     8,    1203    (AUG    1971) 

80394       EQUATION    OF    STATE    OF    SOLID    HYDROGEN. 

TRUBITSYN, V.P.  (AKADEMIYA    NAUK    SSSR,     MOSCOW.       0.    YU.     SHMIDT 

INSTITUTE    OF    GEOPHYSICS) 

SOV.    PHYS.     SOLID    STATE    VOL    7,    NO.    11,    2708-14    (MAY    1966)    TRANSL. 
OF    FIZ.     TVERD.     TELA    VOL     7,    NO.     11,     3363-71     (NOV    1965) 

80692       HIGH    PRESSURE    CONVERSION    OF    SOLID    HE    TO    A    CONDUCTING    PHASE. 
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